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General introduction
General	introduction	
The aim of neuroscience has always been the understanding of the mechanisms behind 
neuronal activity and brain function. The nervous system, in its totality, is highly complex 
and fascinating: mouse nervous system is made of 71.000.000 neurons [1], whereas 
humans have 16.000.000.000 [2] and all of these neurons are highly heterogeneous 
both for their chemistry, role and activity.
How neurons communicate to each other has always been of mayor importance to 
understand the basis of brain function and the mechanism by which we accomplish 
daily life tasks. Neurons never function alone or in couple, they organize in circuits that 
process specific kinds of information. The fundament of these interaction between 
neurons are the synapses. They connect two (or more) neurons aiding the passage 
of information through the system, converting an electrical signal to a chemical one, 
and then back again. The basic features of the synaptic connection are well conserved, 
however the arrangement of neuronal circuits varies greatly according to the intended 
function. 
Among all, the cerebello-thalamic connection, which has always been appreciated 
for its role in movement, is the focus of this work. The main goal of this thesis is to 
characterize in detail this synapse from development to pathological conditions and 
investigate the potential role of this in non-motor function. 
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Starting	from	the	basics:	anatomy	and	physiology	
The brain is clearly subdivided in two parts, which are distinguishable by the naked 
eye. They are called the big brain (cerebrum) which contains cerebral cortex and other 
subcortical structures, such as the thalamus, and the small brain (cerebellum). 
Cerebellum anatomy and function
In the caudal part of the brain, dorsal to the brain stem, there is a separate structure 
tucked underneath the cerebral hemispheres: the cerebellum. It is separated from the 
overlying cerebrum by a layer of dura mater called “tentorium cerebelli” and it receives 
the main connections coming from other parts of the brain through the pons. The 
cerebellar structure has a very peculiarly organized and conserved cellular organization 
that caught the attention of anatomists and neuroscientists since the beginning of 
modern neuroscience (y Cajal 1888-1889). We can recognize two main structures in the 
cerebellum: the cerebellar cortex and the cerebellar nuclei.
Cerebellar cortex 
The cerebellar cortex gives the cerebellum an unusual appearance as the bulk of the 
structure is made of a very tightly folded layer of gray matter (called folia). Underneath 
the gray matter lies the white matter, which consists of myelinated nerve fibers running 
to and from cortex [3]. Within the cerebellar cortex the cytoarchitecture is highly 
uniform, in that there are three layers to the cerebellar cortex from outer to inner layer: 
the molecular, Purkinje cells and granular layer (Figure 1).
The molecular layer contains the dendritic trees of Purkinje cells (PCs), which receives 
inputs from two types of inhibitory neurons: the stellate and basket cells. Moreover, on 
the proximal branches, PCs are contacted by a single climbing fiber coming from inferior 
olive and by granule cell axons that form ~10 to 20 synapses with PCs dendritic trees 
before they bifurcate into parallel fibers (PFs), running perpendicular to the Purkinje 
tree. 
The middle layer is exclusively formed by a monolayer of Purkinje cell somata. These 
neurons are the only cells in cerebellar cortex that are sending inhibitory projections 
to the nuclei and therefore they play a central role in modulating the information flow 
from the cerebellar cortex to the cerebellar nuclei. 
The innermost layer contains the cell bodies and dendrites of granule cells, which 
give rise to the parallel fibers, the unipolar brush cells, the Golgi cells and the mossy 
fibers.
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Figure 1. Organization of cerebellar cortex. There are diff erent types of cells and fi bers found within 
the three cell layers of the cortex. The climbing fi ber, originating from inferior olivary neurons, and the 
parallel fi ber form a connection with the Purkinje cells’ dendrites in the moleculr layer. PCs soma and 
axons are in PCs and granular layer and descend further to reach their output in the cerebellar nuclei. 
From [4]
Cerebellar nuclei 
The mouse cerebellar nuclei are divided in Lateral, Interpositus and Medial [5]. The 
cerebellar nuclei are the major output of the cerebellum with projections to pre-motor 
centres of the brainstem, like the red nucleus, and to thalamus [6, 7]. Classically CN 
neurons have been classifi ed in two main categories, glutamatergic and GABAergic 
cells, but a more detailed categorization has been reported [8], including local neurons 
and glycinergic neurons. All of these cells are distributed heterogeneously among the 
three nuclei. Nevertheless, the circuits that these neurons are forming are diff erent: 
glutamatergic cells are the one that are projecting outside the CN, although they also 
send projections to the cerebellar cortex [9], GABAergic cells provides feedback to 
inferior olive (IO) and glycinergic cell not only project outside of the cerebellum to the 
vestibular nuclei [10] but are also sending projections back to cerebellar cortex [11, 12]. 
14
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Among the neurons of the cerebellar nuclei, the glutamatergic cells are the easiest to 
identify. They are characterized by a soma with a large diameter of 20-30 μm, with 2 to 5 
primary dendrites expanding from the soma [12, 13]. These cells fi re with a spontaneous 
high rate, which is independent of synaptic input [12, 14]. Glutamatergic projection cell 
dendrites contain voltage sensitive calcium channels, which produce transient events 
[15] and it has been shown in isolated neurons that a tonic cation current is promoting 
spontaneous fi ring as it drives the membrane potential above threshold [16]. Sodium 
ions carry the main fl ux, and are partially gated by voltage independent, tetrodoxin-
insensitive channels that can depolarize neurons near action potential threshold. 
However these cells receive four diff erent inputs that can aff ect their fi ring: excitatory 
inputs from collaterals of the climbing fi bers and mossy fi bers (Figure 2) [17, 18], local 
inhibitory interneurons and inhibitory input arising from the axonal terminals of ~30 to 
40 of PCs, i.e., the majority of synapses on CN cells [19]. 
Figure 2. Cerebellar nuclei cell. CN neurons receive inputs from diff erent sources: inhibitory inputs 
from PCs and excitatory inputs from collaterals of the climbing fi bers and mossy fi bers
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The effect of the excitatory input is still unclear as the CN spontaneous firing 
overlap with any basal mossy fiber input [20], therefore in order to detect the effect of 
the excitatory input, a reduction of spontaneous firing is required. Purkinje-mediated 
inhibition is responsible for the decrease of nuclear cells firing and given the big 
convergence of Purkinje cells onto a single CN neuron and considering their high firing 
rate, it is assumed that the CN neuron is under a constant tonic inhibition [21].
Beside the difference in cellular organization, there is evidence of the existence of 
several molecular markers that divided the cerebellum into distinct bands [22]. One is 
Zebrin that is expressed in specific subgroups of PCs that are organized in symmetric 
stripes [23]. This organization, conserved in both birds and mammals, is reflected also 
in the inputs these cells receive as PCs located in the same band receive CF inputs from 
the same part of the inferior olive and project their axon to the same part of cerebellar 
nuclei [24]. Rostral nuclei as anterior interposed receives Zebrin negative inputs whereas 
the caudal part, posterior interposed and lateral, mostly Zebrin-positive inputs [25]. The 
Zebrin positive and Zebrin negative PCs cells fire at different frequencies in vivo (i.e. 
approximately 60 Hz vs 90 Hz) and this has been suggested to be due to a difference in 
intrinsic properties of PCs [26]. This reflects in a diverse influence on cerebellar nuclei 
firing, as previous works suggested that the synchronized inhibition of the PCs is phase 
locking the spiking activity of the glutamatergic cells [19, 27] but a differentiation by 
Zebrin identity of the cerebellar nuclei [25] has not been characterized yet. 
As most of the axonal terminals of the glutamatergic CN cells are found in various 
parts of the brain [6], it is of interest characterizing how this cell type communicates to 
downstream target, like the thalamus.
Thalamus	anatomy	and	function
The mouse thalamus forms the largest part of dienchepalon. It is located just above 
the brain stem between the cerebral cortex and the midbrain and has extensive nerve 
connections to both. The word “thalamus” in greek means inner room as in the greek 
archaic house the “thalamus” was the chamber connecting directly or via passageway 
the rest of the house to the yard; so the thalamus is positioned in a way that connects 
midbrain and cortex. This football-shaped structure is located in the origin of the 
two neocortical hemispheres, like the atom of a large molecule. The purpose of this 
geometrical arrangement could be that being equidistant from all cortical areas demands 
the least length of reciprocal wiring and provides the fastest axonal communication. 
The main function of the thalamus is to relay motor and sensory signals to the cerebral 
cortex and it also regulates sleep, alertness and wakefulness. It has been described as 
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the “gateway” to the cortex as everything we know about the outside world or about 
ourselves, is based on messages that have to pass through the thalamus. 
It is a paired structured made by two main components: the dorsal thalamus that 
comprised of nuclei that projects to cerebral cortex and the ventral thalamus composed 
mostly of the reticular nucleus, a group of inhibitory cells that organize like a shell 
around the lateral part of dorsal thalamus (fi gure 3). Beside GABA neurons from the 
reticular nucleus and the relay neurons of the dorsal thalamus in rat and primates 
there are interneurons which however are not present in mice except for the Lateral 
Geniculate Nucleus (LGN). 
Figure 3. Mouse Thalamus. Thalamus is divided in dorsal (green) and ventral (red). Each of these 
structures is further divided in nuclei that receive projections from specifi c subcortical areas. Adapted 
from Paxinos 2001
Another diff erence between rodents and higher species is that in mice and rats it is 
critical to discern between the nuclei as the cytoarchitecture of relay cells is not well 
defi ned. The classical categorization of thalamic nuclei is primarily based on the kind 
of information that is transferred through a particular nucleus or group of nuclei to 
the cerebral cortex. The main category is formed by the principal “relay” nuclei, which 
receives specifi c sensory, motor or associative information through ascending or 
descending fi ber pathways and transmit this information to particular areas of cortex. 
How the incoming stimuli are integrated by thalamic neurons is quite a mystery, even 
neighboring neurons cannot chat with each other directly, since they do not possess 
local axon collaterals, or only very sparse ones in some nuclei. Their axons rush up to the 
neocortex, terminating predominantly in layer 4 but also in layers 5 and 6 [28].
Thalamic aff erents are divided into two main categories: drivers and modulators. 
This defi nition comes from the scientist Sherman and Guillery that in 1998 made a 
distinction between drivers that carries the message, defi ning the essential patterns 
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of activity, and the modulators that can alter the eff ectiveness of the driver without 
contributing signifi cantly to the general pattern of the message. The distinction between 
these fi bers is based on peculiar characteristics: driver inputs are thick axons that form 
very large terminals (several µm in diameter) and these synapses evoke large-amplitude 
post-synaptic responses, activate only ionotropic receptors, and show paired-pulse 
depression [29] whereas modulators are usually smaller in size, activate metabotropic 
receptors and show paired pulse facilitation. A typical example of driver input comes 
from lateral geniculate studies in which retinal aff erents are listed as drivers, whereas 
the layer 6 cortical inputs are modulators. (All the main characteristics are listed in the 
table 1and fi gure 4)
Figure 4. Summary of the anatomical and synaptic features of driver (Class 1) and modulators (Class 
2). Adapted from Sherman Neuroscientist 2013
Table 1.
Driver (Class1) Modulators (class2)
Large and small terminals Small terminals
Contact on proximal dendrites Contact on distal dendrites
Thick axons Thin axons
Less convergence on target More convergence on target
Large EPSPs Small EPSPs
Paired-pulse depression Paired-pulse facilitation
Activate ionotropic glutamate receptors Activate ionotropic and metabotropic 
glutamate receptors
Thalamus and cortex are highly interconnected and the thalamocortical relationship is 
organized so that each cortical area receiving an input from a specifi c thalamic nucleus, 
faithfully connects back to this input through a topographically organized cortical 
projection to the same thalamic area. 
The aff erents that provide driver input to the thalamus are of two distinct types: one 
comes from ascending pathways, carrying information from sensory periphery (visual, 
auditory, tactile etc.) and from other parts of the brain such as the cerebellum; on the 
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other hand we have input coming from the cerebral cortex itself. These connections 
defi nes two diff erent types of thalamic nuclei, respectively the fi rst order and higher 
order [30, 31]. Both these nuclei receive corticothalamic aff erents from pyramidal cells 
in cortical layer, which also send branches to the thalamic reticular nucleus and have a 
modulatory function [30, 32, 33] (fi gure 5).
Figure 5. Schematic of fi rst and higher order thalamic nuclei. On the left an example of fi rst order 
thalamic nucleus receiving its aff erents from subcortical areas. On the right higher order thalamic 
nuclei that receives aff erents from layer 5 and send widespread thalamocortical axons (dotted lines) 
to higher cortical areas. Adapted from Guillery Sherman 2002
All these inputs together can control the state of thalamic relay cell that is known to 
generate two distinct patterns of action potential: burst and tonic. The fi ring mode is 
partially determined by the (in)activation state of voltage gated T-type Ca2+ channels in 
somatic and dendritic membrane [34, 35] (Figure 6).
The fi ring modes strongly aff ect the way thalamic relay cells respond to inputs and 
how this is relayed to the cortex [36]. In general bursting activity is related to sleep, 
periods of inattention or drowsiness whereas tonic activity is present during waking 
and rapid-eye-movement sleep. Apart from sleep a lot of essential brain functions, 
such as memory consolidation and spatial navigation are based on synchronized, 
rhythmic fi ring among smaller or larger neuronal cell populations [37, 38], therefore 
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thalamocortical activity has to be protected from any perturbation that might lead to 
pathological conditions of hypersynchronicity, such as during epileptic seizures. 
Scope	of	the	thesis
Despite major advances in research, complete understanding of how brain networks 
work is still an unsolved mystery. In order to decipher the rules governing interactions 
among neurons and neuronal systems that give rise to behaviors, we need to reveal the 
basic connectivity and connections starting from synapses.
The cerebello-thalamic connection is historically known for its role in motor behavior, 
however there is a raising consensus over its involvement in higher functions and even 
in controlling pathological conditions such as epilepsy. Studying this connection from 
development to optogenetic control of its activity helped us to characterize better this 
synapse. 
In chapter 2 we focused on the time period during embryonic development when this 
connection is established to reveal from what point in time cerebellar axons innervate 
thalamic neurons. In chapter 3 we then explored the diff erence in the activity of the big 
glutamatergic CN cells originating from diff erent Zebrin domains in vivo and in vitro in 
Figure 6. Thalamocortical circuit. Schematic of the thalamocortical system. A The thalamus is 
reciprocally connected with the cerebral cortex and with the thalamic reticular nucleus (TRN). 
Thalamocortical and corticothalamic neurons are glutamatergic and innervate the TRN where they 
branch axon collaterals. B fi ring modes of thalamocortical neurons and insets enlarged in C and D. 
Adapted from McCormick and Bal 1995
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order to elucidate if there are differences in the transmission mode of information based 
on the input CN glutamatergic neurons receive. In chapter 4 we questioned whether 
the cerebellar input from glutamatergic cells of Interposed and Lateral nucleus shows 
a different impact on thalamic relay cells in Ventrolateral (VL) Ventromedial (VM) and 
Centrolateral (CL). These findings address the idea that cerebellum do not only influence 
motor areas (as VL and VM), but also non-motor domains (CL). In chapter 5 we aimed to 
test the efficacy of CN-TC stimulation in controlling seizures in epileptic mouse models. 
Finally, in chapter 6 we provide an overview of how cerebellar stimulation in animal 
models are utilized to investigate therapeutic options for neurological disorders, like 
epilepsy.
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Summary
The cerebellum plays a role in coordination of movements and possibly also non-
motor functions. Cerebellar nuclei (CN) axons connect to various parts of the thalamo-
cortical network, but detailed information on the characteristics of cerebello-thalamic 
connections is lacking. Here, we assessed the cerebellar input to the ventrolateral (VL), 
ventromedial (VM) and centrolateral (CL) thalamus. Confocal and electron microscopy 
showed an increased density and size of CN axon terminals in VL compared to VM or 
CL. Electrophysiological recordings in vitro revealed that optogenetic CN stimulation 
resulted in enhanced charge transfer and action potential firing in VL neurons compared 
to VM or CL neurons, despite that the paired-pulse ratio was not significantly different. 
Together these findings indicate that the impact of CN input onto neurons of different 
thalamic nuclei varies substantially, which highlights the possibility that cerebellar 
output differentially controls various parts of the thalamo-cortical network.
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Differentiating CN impact on thalamic nuclei
Introduction
Cerebellar best-known functions are involved in coordinating motor activities. It 
contributes for example to learning new motor skills and prediction of the sensory 
consequences of action [1-3]. However anatomical, physiological and neuroimaging 
studies provide compelling evidence of the cerebellar involvement in various non-
motor functions, like cognitive processes, language and emotion, which became 
established in both animal models and patients [4-8]. For instance, it was recently 
shown that manipulating the cerebellar output affects sensorimotor integration by 
somatosensory and motor cortices and thereby could direct voluntary movements [9, 
10]. The anatomical connections that underlie such wide impact of cerebellar activity 
on thalamo-cortical information processing do not only include cerebellar axons that 
innervate the premotor centers in the brainstem, like the red nucleus, but also a variety 
of nuclei within the thalamic complex, each of which has reciprocal connections with 
the cerebral cortex [11-18]. 
The glutamatergic projection neurons located in the cerebellar nuclei (CN) 
connect to primary thalamic relay nuclei, like the ventrolateral (VL) nucleus, thalamic 
motor-associated nuclei such as the ventromedian (VM) nucleus and additionally to 
intralaminar nuclei such as centromedian, parafascicular and centrolateral (CL) nuclei 
[16, 19]. Historically the thalamic relay neurons have been divided in two fundamentally 
different sets: parvalbumin-positive ‘core’ neurons, which form topographically 
organized projections to middle layers of patches of cerebral cortex; and calbindin-
positive ‘matrix’ neurons, which send more diffuse projections to the cortices and 
layers [20, 21]. Provided that CN axons project to thalamic nuclei with high densities 
of core neurons, like VL and with high densities of matrix neurons, like VM and CL, 
this connectivity of cerebellar-recipient thalamic nuclei suggests that the cerebellar 
impact differentially affects cortical information processing. Moreover, single axon 
reconstructions of cerebellar-recipient zones within VL, VM and CL reveal that their 
axons also spread throughout other regions [22-24] further highlighting that the 
cerebellar input can affect a wide range of thalamo-cortical networks and functions. 
Apart from their connectivity to the cortex, the heterogeneity of cerebellar recipient 
thalamic nuclei also extends into the dendritic morphology. For instance, the cerebellar-
recipient zones of the VL and VM have been shown to contain neurons with ‘bushy’ 
dendrites [22, 23, 25-27] and thereby have a different appearance than CL neurons that 
show polarized dendritic branching [24]. This variability in the morphological aspects of 
thalamic neurons in the cerebellar-recipient nuclei corroborates the differential axonal 
projection patterns and suggests that the impact of cerebellar output on thalamic 
neurons varies for each target nucleus. Yet, the anatomical and electrophysiological data 
82
Chapter 4
on the cerebello-thalamic projections lack an in-depth comparison of the cerebellar 
impact on the various thalamic targets.
So far, the electrophysiological studies that investigated the cerebello-thalamic 
projections focused on the VL nucleus. Intracellular recordings in this nucleus in 
anesthetized rats and cats revealed that electrical microstimulation of the CN neurons 
or the brachium conjunctivum triggered action potential firing [28-31], which matches 
the cerebellar-evoked responses in motor cortex [32-34]. Likewise, also single-pulse 
optogenetic stimulation in CN in the mouse brain has been proven to effectively control 
thalamo-cortical network activity [10, 35]. Morphological and ultrastructural analysis of 
the CN axon terminals in VL revealed that they typically synapse perisomatically on large 
diameter dendrites and form large terminals with various mitochondria and release 
sites [13, 19, 36, 37]. These findings function as a frame of reference, but a thorough 
understanding of the cerebellar impact on thalamo-cortical information processing is 
hampered by the lack of detailed in vitro cell physiological analysis and morphological 
characterization of the CN axonal projections throughout the various thalamic nuclei.
In order to elucidate how the cerebellar impact on thalamic neurons correlates to 
the specific nuclei, we studied the postsynaptic responses of thalamic relay neurons 
to selective stimulation of CN axons using in vitro whole cell recordings. We focused 
on neurons in the VL, VM and CL and correlated the electrophysiological data to the 
morphological details of the target neurons. Our results show that both pre- and post-
synaptic aspects of the cerebello-thalamic transmission vary between these thalamic 
nuclei and thereby provide the first evidence for the functional diversification of the 
cerebellar impact on thalamo-cortical networks.
Results	
Thalamic nuclei receive various densities of CN axons and terminals 
To assess the innervation of VL, VM and CL thalamic nuclei by cerebellar axons in the 
mouse brain, we transfected CN neurons located mostly, but not limited to the interposed 
CN with a virally encoded ChR2-YFP-expressing construct (Figure 1A). In several mice we 
found that the medial and lateral CN also contained ChR2-YFP-expressing neurons. In 
the thalamus we found the level of intensity of this membrane-bound fluorophore to 
be highest in the VL (55.9±8.0 a.u.) compared to VM (38.7±3.9 a.u.) and CL (25.8±2.3 
a.u.) (p=0.529 for VL vs VM; p=0.002 for VL vs CL, p=0.136 for VM vs CL, K-W tests, Dunn’s 
correction; Figure 1B and Table S1). 
To dissociate between the active CN terminals and passing axons, we chose to 
stain for vesicular glutamate transporter 2 (vGluT2), which has previously been shown 
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Figure 1. Variable innervation of VL, VM and CL nuclei by CN axons. A schematic representation 
of the experiment. Left AAV-injection in the interposed nucleus and (right) fl uorescent (ChR2-EYFP) 
CN axons throughout the thalamic complex (3 weeks post-injection) of the same mouse. The nuclei 
of interest are highlighted in green (VL), red (VM) and blue (CL). This color code will be applied 
throughout all the fi gures. Scale bar indicates 1 mm. B YFP signal intensity in the three nuclei of 
interest (N = 6 mice) normalized to fl uorescence in VL. C,E,G Left: maximum intensity projection of 
Z-stack (14 µm thick) showing in green ChR2-EYFP stained CN axons, in red vGluT2 staining and right 
the result of the colocalization mask; gray indicates ChR2-EYFP-stained axons and white vGluT2+ and 
EYFP D,F,H histograms showing vGluT2+-CN terminal volume and number for VL, VM and CL (N=5 
mice). I cumulative plot of the terminal volume (green: VL; red: VM; blue: CL). (VL vs CL p<0.001: VL vs 
VM p<0.001 and VM vs CL p=0.966; N=5 mice, K-S test). J average density of vGluT2+-CN terminals (VL 
vs CL p=0.024). Data are presented as mean ± S.E.M; * p<0.05, *** p<0.001. K-W test was used. For full 
statistical report see Table S1.
84
Chapter 4
to label CN axon terminals [22, 38], and solely quantify the double-labelled vGluT2-
positive (vGluT2+) ChR2-EYFP-expressing CN terminals. When we assessed these 
vGluT2+-CN terminals using stacks of high–magnification images acquired with confocal 
microscopy and subsequently applied custom-written image analysis scripts, we found 
that the VL nucleus was most densely populated by vGluT2+-CN terminals (total count 
499 vGluT2+-CN terminals; N=5 mice; Figure 1C-D) with a mean volume of 12.45±0.74 
µm3. As previously reported [13], VM encompasses CN axons passing through, some 
of which send some branches in the most medial part of the nucleus (Figure 1E). The 
number of vGluT2+-CN terminals in VM was lower compared to VL and their volume 
was significantly smaller (6.65±0.71 µm3; n=172 terminals, p<0.001, K-S test; Figure 1F,I 
and Table S1). The CL nucleus showed the lowest number of vGluT2+-CN terminals and 
their volume was statistically different from VL but not from VM (5.85±0.9 µm3; n=73 
terminals; p=0.002 for VL vs CL and p=0.966 for VM vs CL, K-S test; Figure 1G-I and Table 
S1). We observed a significantly higher density of vGluT2+-CN terminals in VL compared 
to CL (p=0.024; K-W test), whereas the differences in density between VL-VM and VM-
CL were not significantly different (p=0.334 and p=0.865, respectively; K-W tests; Figure 
1J and Table S1). These data demonstrate that the cerebellar projection innervates 
preferentially VL and that these terminals are also bigger compared to VM and CL.
Basic transmission properties of cerebello-thalamic synapses differ across 
thalamic nuclei 
It has been shown by sharp electrode recordings in anesthetized cats and rats that 
electrical stimulation of CN axons could elicit monosynaptic excitatory post-synaptic 
potentials (EPSPs) from which a fast spike could arise in VL relay cells [28, 29]. To our 
knowledge, no data have been published about the postsynaptic currents underlying 
these changes in VL potentials, or about the postsynaptic responses of thalamic VM or 
CL cells. To gather these data we performed whole cell patch-clamp recordings of VL, 
VM and CL neurons in acutely prepared thalamic slices of mice that received bilateral CN 
injections with ChR2-EYFP-encoding AAV-vectors, which transfected neurons located 
mostly, but not exclusively, in the interposed nuclei (see material and methods section). 
We selected the recorded neurons based on their position in the slice, i.e. surrounded 
by ChR2-EYFP encoding CN axons, their monosynaptic responses to 470 nm optical 
stimulation (see below) and their anatomical location. Overall, we found that the resting 
membrane potential of VL (-71.6±0.9 mV), VM (-72.2±2.0 mV) and CL (-70.0±1.4 mV) 
neurons was not significantly different (p=0.736, one-way ANOVA), but that the input 
resistance of CL neurons was significantly higher than in VL neurons (p=1 for VL vs VM, 
p=0.012 for VL vs CL and p=0.175 for VM vs CL; n=49; K-W test). In all three thalamic 
nuclei single light pulses (1 ms, 470 nm, applied through the objective) elicited an EPSC 
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(Figure 2A). These events were reliably blocked by bath-application of the voltage-gated 
Na+-channel blocker tetrodotoxin (TTX) (n=5 cells; >99% decrease in charge transfer), 
which indicates that the postsynaptic events were triggered by action potential-driven 
release of glutamate from CN terminals (data not shown). The mean EPSC amplitude 
that we could maximally evoke was significantly higher in VL than in VM and CL (VL: 
-847.7±109.5 pA; VM: -165.0±40.2 pA; CL: -210.8±89.2 pA; p=0.001 for VL vs VM, p<0.001 
for VL vs CL and p=1 for VM vs CL; K-W tests), which was also represented in the evoked 
charge (VL: -3820±595 pA*ms; VM: -862±235 pA*ms; CL: -1284±542 pA*ms; p=0.002 
for VL vs VM; p=0.001 for VL vs CL, p=1 for VM vs CL; K-W tests; Figure 2B and Table S2). 
The variability in optically stimulated EPSC amplitude and charge was quantified by 
calculating the coefficient of variation (CV) (Figure 2C). We found significant differences 
in the CV of EPSC amplitudes (VL: 0.13±0.02; VM: 0.25±0.04; CL: 0.38±0.07; p=0.031 for VL 
vs VM, p=0.001 for VL vs CL; p=1 for VM vs CL, K-W tests, Dunn’s correction; Figure 2D and 
Table S2) and of EPSC charge (VL: 0.13±0.02; VM: 0.28±0.04; CL: 0.47±0.12; p=0.03 for VL 
vs CL, p=0.025 for VL vs VM, p=1 for VM vs CL, K-W tests, Dunn’s correction and Table S2). 
We found no significant correlation of the incubation time to the EPSC amplitude, nor to 
the CV of the EPSC amplitude (p=0.470, r
s
=0.116 for EPSCs and p=0.269, r
s
=0.161 for CV, 
Spearman correlation), which supports the notion that the difference in postsynaptic 
responses is actually due to a difference in the charge transfer between CN axons in VL, 
VM and CL neurons.
To establish the impact of neurotransmitter release from CN terminals on thalamic 
neurons’ membrane potential we also recorded a subset of cells in current clamp 
(Figure 2E). When stimulated at maximum light intensity most VL neurons fired action 
potentials (9 cells out of 10) whereas most VM (3 out of 3) and CL neurons (4 out of 5; 
Figure 2F) did not. The probability to elicit an action potential was not related to the 
resting membrane potential of the cell (p=0.628; r
s
=-0.127, Spearman correlation). As 
we expected from the EPSC amplitudes, neurons in VL fired action potentials more 
readily than those in VM and CL.
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Thalamic responses show paired-pulse depression and are predominantly 
sensitive to ionotropic glutamate receptor blockers
Thalamic aff erents are often categorized as ‘driver’ or ‘modulator’ [39, 40]. This 
classifi cation is partially determined by the response to repetitive stimulation of 
presynaptic terminals: driver synapses are thought to show paired-pulse depression 
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(PPD) whereas modulator synapses evoke paired-pulse facilitation (PPF) [41-43]. 
Although cerebellar input to motor thalamus has been listed as driver input [39], short-
term synaptic dynamics of thalamic responses following repetitive CN stimulation in 
VL, VM and CL still need to be evaluated. Here we performed voltage-clamp recordings 
while stimulating the CN terminals repetitively with trains of light pulses at 10, 20 and 
50 Hz (Figure 3A-C). To evaluate the time course of the depression we normalized EPSC 
amplitudes to the first peak amplitude (Figure 3D-F).
In general, we found that the ratio between the amplitudes of the first two EPSCs 
showed a PPD at all frequencies tested (Figure 3G). At 50 Hz the second EPSC showed 
a ~twofold reduction in amplitude compared to the initial one (VL: 0.52±0.06; VM: 
0.72±0.12; CL: 0.41±0.08), whereas lower frequency stimulations showed a smaller 
effect on the paired-pulse depression. At 20 Hz the depression was around 30% of the 
first EPSC in all the nuclei (VL 0.70±0.02, VM 0.77±0.10, CL 0.73±0.07) whereas at 10 Hz 
only VL (0.80±0.03) and VM (0.88±0.04) neurons showed on average PPD but CL did 
not (1.08±0.25) (Figure 3H). When we compared the paired-pulse depression across all 
nuclei for each frequency, we found that the ratio between the first two responses did 
not show any significant difference between the nuclei (10 Hz: p=0.344; 20 Hz: p=0.168; 
50 Hz: p=0.137, K-W tests, Dunn’s correction; Figure 3H and Table S3).
Next, we analyzed the subsequent responses to the train stimulation to determine 
the average sustained release of presynaptic terminals during high frequency steady-
state synaptic transmission (Figure 3A-C). For this analysis, the average phasic EPSC 
amplitude within the train was normalized to the average first EPSC amplitude for each 
frequency and each nucleus. Across all recorded cells, we find normalized steady state 
amplitudes of 64.4±3.1% (VL), 71.3±6.9% (VM) and 81.4±8.9% (CL) at 10 Hz: 53.1±3.6% 
(VL), 70.1±11.1% (VM) and 85.2±28.0% (CL) at 20 Hz and 44.4±5.0% (VL) 41.9±6.5% (VM) 
and 39.1±7.7% (CL) at 50 Hz (Figure 3I and Table S3). We found no significant differences 
between the values recorded per nucleus, but did find that in VL the steady-state 
depression was significantly higher at 50 Hz than at 10 Hz (p=0.005, K-W test, Figure 3I and 
Table S3). These data indicate that the general tendency for transmission at cerebello-
thalamic synapses in VL, VM and CL is to show a depression of neurotransmitter release 
in response to repetitive stimulation. 
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Our results indicate that the synaptic transmission at cerebello-thalamic synapses in VL, 
VM and CL are glutamatergic, which matches previous in vivo findings on the excitatory 
responses of VL neurons evoked by microstimulation of the brachium conjunctivum 
or the neurons in CN [28-31]. To elucidate whether these excitatory postsynaptic 
responses where mediated by ionotropic and/or metabotropic receptors we next 
tested the effects of their selective blockage on the responses to 50 Hz stimulus trains. 
Upon wash-in of AMPAR-antagonist NBQX the EPSC charge decreased from -74.6±2.4 
nA*ms to -28.0±8.3 nA*ms and following the wash-in of NMDAR-antagonist APV the 
EPSC charge decreased even further to -13.5±4.3 nA*ms (p<0.001, Friedman test; Figure 
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Figure 4. Thalamic responses to CN-stimulation are sensitive to ionotropic receptor blockers. 
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4A,B and Table S4). Further application of blockers for the mGluRs most abundantly 
expressed in thalamic neurons (JNJ for mGluR1 and MPEP for mGluR5 [41, 44]) did not 
affect the remaining current (-12.1±3.9 nA*ms; Friedman test, p=1; Figure 4B and Table 
S4), suggesting the absence of a substantial mGluR1- or mGluR5-mediated component 
in cerebellar transmission on thalamic neurons. 
Postsynaptic determinants of variable CN-impact in thalamic cells
Next we evaluated whether the electrophysiological characteristics described above 
could be linked to the morphology of the thalamic neurons, bearing in mind that in 
rat thalamus the neuronal morphology in VL, VM and CL neurons varies [22-25, 45-47]. 
By reconstructing biocytin-filled neurons throughout the VL, VM and CL nuclei (Figure 
5A) and analyzing their dendritic branching using a 3D-Sholl analysis (Figure 5B) we 
found that 23 VL neurons on average show a more elaborate branching pattern than 
the 14 CL neurons at 55 µm distance from the soma (p<0.05, 2-way ANOVA; Mann 
Whitney comparison, Figure 5C,D and Table S5). The number of proximal dendrites (VL: 
8.13±0.47; VM: 7.83±0.83; and CL: 6.83±0.34) was not significantly different between 
nuclei (p=0.115, K-W test; Figure 5E and Table S5). To better illustrate the dendritic 
architecture of cells in each of the three defined nuclei we also quantified the angular 
distance between dendrites at 15 µm from the soma. We found no significant difference 
in the angular distance (VL: 40.2±2.6°; VM: 41.1±3.5°; CL: 47.0±2.8°; p=0.14, K-W test; 
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Figure 5. Morphological characterization of thalamic cells recorded in VL, VM and CL. A location of 
all recorded cells in VL, VM and CL projected on two coronal planes [78]. B Top maximum projections of the 
somatodendritic morphology of biocytin-filled cells (blue), surrounding ChR2-EYFP labelled CN axons (green) 
and vGluT2-staining (red) for VL (left), VM (middle) and CL (right). Bottom: maximum projections of 10 µm-thick 
3D-spheres surrounding an example neuron from VL, VM and CL (as indicated by the different colors along 
dendritic trees). C Sholl analysis shows dendritic arborisation by the number of intersections of the concentric 
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Figure 5F,G and Table S5). Although limited, these morphological distinctions between 
cerebellar-recipient neurons possibly corroborate the distinct electrophysiological 
characteristics, which together suggest a differential impact of cerebellar input to 
thalamic neurons.
Distribution and morphology of reconstructed CN terminals 
Previous structural studies in rats suggested that in VL cerebellar terminals are larger 
than those in intralaminar nuclei [19]. To further characterize the identity of cerebellar 
terminals for each recorded neuron, we stained the tissue slices containing the patched 
neurons for vGluT2 and assessed the morphology of the vGluT2+-CN terminals using high 
magnification confocal microscopy (Figure 6A). The number of vGluT2+-CN terminals 
on the recorded cells did not vary significantly between the nuclei (VL: 4.5±0.7; VM: 
3.66±1.17; CL: 3.08±0.83; p=0.37, K-W test, Figure 6C, Table S6) neither their distance 
from soma (VL: 26.7±1.9 µm; VM: 33.8±5.7 µm; CL: 26.6±2.5 µm; p=0.58, K-W test, Figure 
6D; Table S6). To enhance the x-y resolution and reduce the blurring caused by the point 
spread function, we deconvolved the images and selected the virus-labeled vGluT2+-CN 
terminals to measure their volume (Figure 6B). We found that terminals onto recorded 
VL neurons had a larger volume (11.67±1.30 µm3) than those onto recorded CL neurons 
(CL: 7.23±1.57 µm3) (p=0.02, K-W test, Figure 6E-F and Table S6), whereas no significant 
differences were found comparing VM terminals (9.26±1.93 µm3) to VL and CL (p=1.00 
and p=0.35, respectively, K-W tests, Figure 6E-F and Table S6). 
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Figure 6. CN terminals of variable volume are similarly positioned along dendrites of recorded 
thalamic neurons. A maximum intensity projection of Z-stack image (22 µm thick) of biocytin filled 
neuron (blue: streptavidin-Cy3; green: ChR2-YFP terminals; Red: vGluT2-Cy5). Arrowheads indicate the 
vGluT2+-CN terminals onto proximal thalamic dendrites. Scale bar 10 µm. Right: 3D reconstruction 
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To further investigate CN axon terminal dimensions and characteristics of the post-
synaptic structures we studied synaptic contacts at the ultrastructural level. To identify 
CN axon terminals in electron micrographs we collected VL, VM and CL tissue from mice 
which we injected with biotin dextran amine (BDA) in CN, which spread mostly, but 
not exclusively, in the interposed CN. Representative examples of the synaptic profiles 
formed by BDA- stained CN terminals and thalamic neurons are shown in figure 7A. 
Measurements made from the profiles included terminal surface, number and size of 
mitochondria, dendritic diameter, PSD length and number of release sites per terminal 
(Figure 7B). Although we observed in the fluorescent images that the terminal size was 
significantly different between VL and CL, at the ultrastructural level the difference 
was not significant even though on average VL terminals appeared to be bigger 
(VL: n = 42 terminals; 2.35±0.38 µm2; VM: n = 27 terminals; 2.07±0.31 µm2; CL: n = 28 
terminals; 1.23±0.11 µm2 p=0.099, K-W test). We did observe a significant difference in 
the mitochondrial surface between VL and CL (VL: 0.13±0.01 µm2; VM: 0.10±0.01 µm2; 
CL: 0.06±0.01 µm2; VL vs VM p=0.034; VL vs CL p<0.001; VM vs CL p< 0.001; K-W test; 
Figure 7B and Table S7), which correlated significantly with the total surface of the 
terminals (r
s
=0.7156; p<0.001, Spearman correlation; Figure 7C and Table S7). Another 
characteristic of cerebello-thalamic synapses we could observe in all three nuclei is 
that most terminals contained several release sites (VL: 2.97±0.38; VM: 3.08±0.47; CL: 
2.96±0.29; p=0.667; K-W test) [13]. The axon terminals in VL and VM also showed a 
more complex interaction with the postsynaptic structures than in CL, in that we found 
dendritic protrusions inside the majority of the VL (24 out of 42 terminals) and VM (17 
out of 27) terminals, whereas this was less common in CL (4 out of 28) terminals. No 
significant differences were found in the surface of the dendritic protrusions between 
the thalamic nuclei (VL: 0.23±0.16 µm2; VM: 0.29±0.18 µm2; CL: 0.13±0.12 µm2; p=0.1723; 
K-W test). The surface area of the dendritic protrusions showed a significant correlation 
with the terminals surface (r
s
=0.6146; p<0.001, Spearman correlation; Figure 7C and 
Table S7). At the post-synaptic side we found that although the dendritic diameter 
opposing CN terminals did not show any difference between the nuclei (VL: 0.97±0.13 
µm; VM: 1.18±0.12 µm; CL: 0.84±0.08 µm; p=0.08; K-W test), we did find that the length 
of post-synaptic densities (PSD) was longer in VL (0.17±0.01 µm) compared to VM 
(0.14±0.01 µm) and CL (0.15±0.01 µm; VL vs VM: p=0.024; VL vs CL: p=0.055; VM vs CL: 
p=1; K-W test). Altogether, these ultrastructural findings support the notion that CN 
axons tend to synapse on proximal dendrites in all three studied nuclei, but that there 
may be a structural difference in the constellation of the pre- and post-synaptic sites 
which could correlate to the difference in transmission at CN-synapses throughout the 
thalamic complex.
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Figure 7. Ultrastructure of CN terminals in VL, VM and CL reveals pre- and post-synaptic 
specialization. A pseudo-colored ultramicrographs of CN terminal in VL (top), VM (middle) and 
CL (bottom). Note the complex structure of these terminals. Arrowheads indicate synapses. B 
quantification of terminal surface (top left; VL: n=48; VM: n=28; CL: n=27), number of mitochondria 
(top middle; VL: n=32; VM: n=27; CL: n=24), mitochondrial surface (top right; VL: n=124; VM: n=109; 
CL: n=82; VL vs VM p=0.034; VL vs CL p<0.001; VM vs CL p<0.001, K-W tests), length of post-synaptic 
density (PSD) (bottom left; VL: n=114; VM: n=81; CL: n=80; VL vs VM p=0.024; VL vs CL p=0.055; VM vs 
CL p=1; K-W test), release sites per terminal (bottom middle; VL: n=37; VM: n=27; CL: n=26; p=0.667, 
K-W test) and diameter of the contacted dendrite (bottom right; VL: n=40; VM: n=31; CL: n=25; 
p=0.080, K-W test). C Top correlation of the terminal surface with the sum of the surface occupied by 
mitochondria for each given terminal (VL: green; VM: red; CL: blue). Bottom Correlation of the terminal 
surface with the sum of the surface occupied by dendritic protrusions for each given terminal. Note 
that terminals without a mitochondria or dendritic protrusion are not represented in these correlation 
plots. * p<0.05, *** p<0.001. For full statistical report see Table S7.
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Discussion
Our data show that in mouse brain CN neurons innervate the VL thalamic nucleus more 
densely compared to VM and CL. Although the distribution matches that in other species 
[11-14, 16, 17, 19, 48] our study does provide one of the first quantitative comparisons of 
active CN axon terminals in VL, VM and CL, since we exclusively quantified the vGluT2+-
CN terminals that expressed ChR2-EYFP. Our density values of these CN terminals per 
nucleus (Figure 1) may very well be an underestimate of the total proportion of CN 
axons that innervate VL, VM and CL nuclei given that i) the injections of viral particles 
did not transfect the complete CN population projecting to these nuclei and ii) the 
use of vGluT2-antibodies most likely resulted in a limited penetrance into the slices, 
leaving those ChR2-expressing CN terminals located deeper into the slice unstained. 
These aspects possibly also confound the number and location of CN axon terminals 
on a single thalamic neuron (Figure 6) in that there may have been more CN terminals 
that contributed to the evoked charge transfer, but that due to their location, i.e., depth 
in the slice, some were identified as vGluT2-negative. Still, we would like to emphasize 
that the difference in the number of CN terminals between VL, VM and CL is likely to be 
independent from viral transfection rates or antibody penetrance since these data have 
been gathered from the same tissue samples.
A potential source for the variability of CN-evoked responses in thalamic neurons 
and the difference in CN-terminal morphology throughout the thalamic nuclei may be 
the location of the transfected CN neurons. According to previous anatomical studies 
that used classical neurotracers, glutamatergic projection neurons from the lateral, 
interposed and medial CN all innervate VL, VM and CL neurons with a clear preference 
for the contralateral thalamic complex, but not excluding ipsilateral projections [12, 
14, 16]. Whereas we aimed for centering our bilateral viral injections in the interposed 
nuclei, we also found ChR2-EYFP transfected CN neurons in the lateral and/or medial CN 
in several mice. Although in principle it is possible that the variability in the recorded 
responses and terminal morphology is due to the transfection of glutamatergic CN 
neurons in various nuclei in both sides of the cerebellum, there are currently no data 
available supporting such notion. In fact, the few data available on the direct comparison 
between axon terminals from the various nuclei reveal that the dimensions and 
ultrastructural morphology in thalamic nuclei is comparable between axons originating 
from interposed and lateral CN [13]. These anatomical data are corroborated by the 
previous in vivo electrophysiological experiments using intracellular and extracellular 
recordings in anesthetized cats that revealed that electrical stimulation of both the 
interposed and lateral CN can evoke postsynaptic responses in single VL thalamic 
neurons [28, 30, 31, 49, 50]. A set of dedicated in vitro experiments using tissue with 
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small injections in the single CN will provide further insight in the potential role of the 
various CN in the differentiation of the cerebellar impact on thalamic nuclei.
The electrophysiological characterization of thalamic responses to CN stimulation 
revealed that on average VL neurons showed larger EPSCs than those in VM or CL. As 
expected, these voltage-clamp results translated to a higher chance of action potential 
firing upon stimulation for VL than for VM and CL when recorded in current-clamp. Our 
data from VL and VM match earlier reports about faithful action potential firing by VL 
neurons upon CN or brachium conjunctivum stimulation [28-31, 34, 51] and provide 
the first detailed insights for synaptic transmission at CN-CL synapses (cf. [52, 53]). Using 
10, 20 and 50 Hz stimulus trains, we were able to sample the responses of thalamic 
neurons to physiologically relevant cerebellar input, since the firing rates reported 
for CN projections recorded in vivo range from ~30-100 Hz (as reviewed by [54]). We 
consistently found that the responses in VL, VM and CL neurons showed paired-pulse 
depression, which is suggested to play an important role in information processing by 
helping the system to adapt to ongoing levels of activity [41, 55, 56]. In our current 
experiments the ChR2 off-kinetics limited us to stimulus frequencies well below the 
maximal CN firing rates, which may also have prevented us from recording a significant 
effect of mGluR-receptor blockage, in that the total mGluR-mediated currents in 
thalamic neurons evoked by a stimulus frequency of 50 Hz tends to be limited (see also 
[57]). Therefore, we cannot rule out that the activation of either pre- or postsynaptic 
modulatory mechanisms have affected the responses we recorded in vitro.
Referring to intracellular in vivo recordings, the cerebellar input on VL neurons has 
been classified as a driver input to neurons in the motor domain of the thalamus [28, 29, 
39]. However, several recent papers classify thalamic inputs in more than two categories: 
in addition to the ‘driver’ and ‘modulator’ inputs, a third category of ‘driver-like’ input has 
been defined [58, 59]. In the tecto-geniculate system the driver-like inputs have also been 
identified at the anatomical level by medium-sized terminals that contain round vesicles 
and innervate proximal dendrites, and at the electrophysiological level stable response 
amplitudes to trains of stimuli of up to 20 Hz [60, 61]. Our in vitro data showed that 
responses in VL neurons to stimulation of CN terminals meet a number of criteria used 
to define driver inputs [40]: i) CN stimulation evokes a large post-synaptic current that 
ii) is solely mediated by ionotropic receptors and iii) depresses upon higher-frequency 
stimulation, iv) CN axons form large synaptic boutons that v) contact proximal thalamic 
dendrites. For CN terminals in VM and CL the categorization is less clear, since these 
only show some of the ‘driver’ characteristics. They lack mGluR-mediated transmission 
and proximal terminal location and their terminal volume is smaller. Moreover, the 
responses of VM and CL neurons to CN stimulation are significantly smaller, and CL 
neurons tend to show a stable paired-pulse ratio in response to 10 Hz stimulus trains. 
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At the ultrastructural level, we also found a trend, although not significant, to a reduced 
terminal surface in CL compared to VL and a significantly smaller CL mitochondrial 
surface. Given that previous studies revealed that terminals with larger surface have a 
higher chance to release neurotransmitter compared to smaller terminals [62-64], our 
data may at least partially explain why the evoked response amplitude and charge in CL 
were smaller and more variable (Figure 2).
Further explanation for the difference in post-synaptic responses to CN stimulation 
between VL and the other nuclei may come from the difference in PSD length, which 
previously has been linked to neurotransmission efficacy [65]. Our ultrastructural 
analysis of CN terminals further revealed that the characteristics described earlier 
for VL in the rat brain, i.e., large terminal surface, presence of multiple mitochondria, 
fragmented release sites and large diameter of opposing dendritic structure [13, 36, 37], 
are also found in mouse brain. The complexity of the cerebello-thalamic contacts in the 
VL and VM seemed more prominent, in that CN terminals in these nuclei were found to 
contain dendritic protrusions more often than in CL. This typical structure, found also in 
other large terminals in thalamus, such as those formed by the piriform cortex in medial 
thalamus [66], enlarge the contact surface between axon terminals and the dendrite. 
However, in our current dataset we found no significant difference between the number 
of release sites for VL, VM or CL. Future experiments on the release properties of single 
CN terminals, alike those performed for ‘giant’ corticothalamic synapses in the sensory 
system [42, 43] should elucidate how the morphological characteristics can translate 
into the clear differentiation between postsynaptic responses in VL, VM and CL.
Our current findings provide new building blocks to construct the frame of reference 
for the impact of the cerebellar output on thalamic neurons. Given that mouse thalamus 
VL, VM and CL are free of interneurons, we argue that all our recordings are from 
thalamic relay neurons that synapse throughout the various regions of the cerebral 
cortex. By adapting the classification of relay neurons from rat thalamus (reviewed by 
[25]), our VL recordings are from a mix of core (C)-type and matrix (M)-type neurons, VM 
recordings are from matrix (M)-type neurons and CL recordings from intralaminar (IL)-
type neurons, which to some extent is supported by the reduced dendritic branching of 
CL neurons (Figure 6). If we assume that the axonal branching of C-, M- and IL-neurons 
in mouse brain indeed shows lamina-specific termination as described for rat [18, 22-
24, 67], our data indicate that the information conveyed by C- and M-type neurons in 
VL to manipulate activity of the middle and output layers of motor cortices [22] that 
contribute to initiation of movement [68]. In contrast, M-type VM neurons projections 
are more dense in layer 1 of widespread cortical areas, including the motor-associated, 
orbital, cingulate and visual areas in the rat [23]. Direct activation of cerebellar afferents 
to VM neurons indeed resulted in a widespread change of cortical activity to the 
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gamma-band range [34], which in these VM-projection regions have been linked to 
cognitive processes. Indeed, a recent study indicates that the cerebellar-recipient zone 
in mouse VM has a reciprocal connection with the prefrontal anterior lateral motor 
cortex that determines the ability to prepare a correct motor response to a sensory cue 
[69]. For IL-type CL neurons it has been shown that their axons excite striatal, but also 
cortical neurons affecting motor, premotor, parietal, prelimbic and anterior cingulate 
processing, as well as regulating behavioral arousal levels [53, 70, 71].
Although it remains to be investigated how in in vivo conditions thalamic responses 
may differ between the different types of neurons, our study provides new insights 
into the diversity of the cerebellar impact on thalamo-cortical networks. Thalamo-
cortical activity exhibits two distinct states, i.e., tonic and burst firing, which are related 
to different conditions such as waking, non-REM state, slow-wave sleep or even 
epileptogenic activity [72]. Thalamic afferents, like CN axons, are likely to modulate the 
activity of thalamo-cortical relay neurons from tonic to burst firing and vice versa. Indeed, 
single-pulse stimulation of CN neurons efficiently stops thalamo-cortical oscillations in 
epileptic mutant mice [35]. The underlying mechanism may at least partially depend 
on the variable impact of CN axons on thalamic neurons, as we showed for VL, VM and 
CL. For instance, a brief pause in the firing of CN neurons, which can occur following 
synchronized activity in the cerebellar cortex [54] will most likely result in a recovery 
of synaptic PPD for all nuclei, but the first postsynaptic response in VL will be notably 
larger than in VM or CL. Such differential effects on thalamic action potential firing 
may potentially be modulated by cortical input, as well as glycinergic or cholinergic 
projections arising from brainstem [73, 74] or GABAergic projections from substantia 
nigra [75], all of which may synergistically diversify the cerebellar impact on thalamo-
cortical processes throughout the various (non-) motor domains.
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Experimental	procedures
Animals
All experiments were performed in accordance with the European Communities Council 
Directive. Protocols were reviewed and approved by the Dutch national experimental 
animal committees (DEC) and every precaution was taken to minimize stress, discomfort 
and the number of animals used. Data were collected from 21-56 day old C57BL/6NHsd 
mice of both sexes, which were purchased from Envigo laboratories (Horst, Netherlands).
Virus injections
We performed stereotaxic injections of adeno-associated virus carrying 
Channelrhodopsin2 AAV2-hSyn-ChR2(H134R)-EYFP into CN at 2 mm anterior-posterior 
and 1.5-2 mm medial-lateral to lambda. For localization of the injection sites 40 µm thick 
horizontal sections were obtained on a freezing microtome. The tissue was incubated 
with DAPI (300nM). Sections where rinsed and mounted on glass.
Electrophysiological recordings in slices and optogenetics
Electrophysiological recordings in coronal or horizontal slices were performed at 34 ± 
1˚C aCSF 40 min after dissection. Internal solution was supplemented with biocytin for 
morphological reconstruction. Full-field optogenetic stimulation (1 ms, 470 nm peak 
excitation, 0.1 to 6.65 mW/mm2) was generated using a Polygon4000 (Mightex, Toronto, 
Canada) or a pE2 (CoolLED, Andover, UK). Pharmacology experiments were assessed 
adding AMPA- (10 μM NBQX), NMDA- (10 μM APV), mGluR1- (10 μM JNJ-16259685) and 
mGluR5- (50 µM MPEP) blockers to the aCSF.
Immunofluorescence and reconstruction
To visualize the recorded neurons and CN terminals, slices were stained for Streptavidin-
Cy3 (Jackson Immunoresearch) and vGluT2 anti Guinea pig Cy5 (Millipore Bioscience 
Research Reagent). Using custom-written Fiji-scripts (ImageJ) we identified putative 
synaptic contacts that were isolated and morphologically studied using a LSM 700 
microscope (Carl Zeiss). Stack’s subsets of the connection were deconvolved using 
Huygens software (Scientific Volume Imaging) and the volume measured using a 
custom-written Fiji macro. To quantify the distance from soma for vGluT2-positive 
CN terminals we calculated the distance in 3 dimensions (using x-, y-, z-coordinates) 
between the center of the terminal and the center of the soma by Pythagorean Theorem. 
To determine the dendritic arborization of biocytin filled cells, we used the 3D Sholl 
analysis macro implemented in Fiji software [76].
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Electron microscopy 
Ultrastructural morphology was analyzed using electron microscope (CM 100, Philips). 
Staining for DAB and preparation of ultrathin section was performed as previously 
described [77].
Data analysis and statistics 
All numerical values are given as means and error bars are SEM. Parametric and non-
parametric tests were chosen as appropriate and were reported in figure legends. Data 
analyses were performed using SPSS 22.0 software package.
Detailed experimental procedures and statistical analyses for each experiment can 
be found in Supplemental Experimental Procedures.
4101
Differentiating CN impact on thalamic nuclei
References
1. De Zeeuw, C.I., and Ten Brinke, M.M. (2015). Motor Learning and the Cerebellum. Cold Spring 
Harb Perspect Biol 7, a021683.
2. Manto, M., Bower, J.M., Conforto, A.B., Delgado-Garcia, J.M., da Guarda, S.N., Gerwig, M., Habas, C., 
Hagura, N., Ivry, R.B., Marien, P., et al. (2012). Consensus paper: roles of the cerebellum in motor 
control--the diversity of ideas on cerebellar involvement in movement. Cerebellum 11, 457-487.
3. Brooks, J.X., Carriot, J., and Cullen, K.E. (2015). Learning to expect the unexpected: rapid updating 
in primate cerebellum during voluntary self-motion. Nature neuroscience 18, 1310-1317.
4. Peter, S., Ten Brinke, M.M., Stedehouder, J., Reinelt, C.M., Wu, B., Zhou, H., Zhou, K., Boele, H.J., 
Kushner, S.A., Lee, M.G., et al. (2016). Dysfunctional cerebellar Purkinje cells contribute to autism-
like behaviour in Shank2-deficient mice. Nature communications 7, 12627.
5. Wang, S.S., Kloth, A.D., and Badura, A. (2014). The cerebellum, sensitive periods, and autism. 
Neuron 83, 518-532.
6. Stoodley, C.J., D’Mello, A.M., Ellegood, J., Jakkamsetti, V., Liu, P., Nebel, M.B., Gibson, J.M., Kelly, 
E., Meng, F., Cano, C.A., et al. (2017). Altered cerebellar connectivity in autism and cerebellar-
mediated rescue of autism-related behaviors in mice. Nature neuroscience 20, 1744-1751.
7. Bodranghien, F., Bastian, A., Casali, C., Hallett, M., Louis, E.D., Manto, M., Marien, P., Nowak, D.A., 
Schmahmann, J.D., Serrao, M., et al. (2016). Consensus Paper: Revisiting the Symptoms and 
Signs of Cerebellar Syndrome. Cerebellum 15, 369-391.
8. Tsai, P.T., Hull, C., Chu, Y., Greene-Colozzi, E., Sadowski, A.R., Leech, J.M., Steinberg, J., Crawley, J.N., 
Regehr, W.G., and Sahin, M. (2012). Autistic-like behaviour and cerebellar dysfunction in Purkinje 
cell Tsc1 mutant mice. Nature 488, 647-651.
9. Popa, D., Spolidoro, M., Proville, R.D., Guyon, N., Belliveau, L., and Lena, C. (2013). Functional role 
of the cerebellum in gamma-band synchronization of the sensory and motor cortices. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 33, 6552-6556.
10. Proville, R.D., Spolidoro, M., Guyon, N., Dugue, G.P., Selimi, F., Isope, P., Popa, D., and Lena, C. 
(2014). Cerebellum involvement in cortical sensorimotor circuits for the control of voluntary 
movements. Nature neuroscience 17, 1233-1239.
11. Cohen, D., Chambers, W.W., and Sprague, J.M. (1958). Experimental study of the efferent 
projections from the cerebellar nuclei to the brainstem of the cat. The Journal of comparative 
neurology 109, 233-259.
12. Haroian, A.J., Massopust, L.C., and Young, P.A. (1981). Cerebellothalamic projections in the rat: an 
autoradiographic and degeneration study. The Journal of comparative neurology 197, 217-236.
13. Aumann, T.D., Rawson, J.A., Finkelstein, D.I., and Horne, M.K. (1994). Projections from the lateral 
and interposed cerebellar nuclei to the thalamus of the rat: a light and electron microscopic 
study using single and double anterograde labelling. The Journal of comparative neurology 
349, 165-181.
14. Angaut, P., Cicirata, F., and Serapide, F. (1985). Topographic organization of the cerebellothalamic 
projections in the rat. An autoradiographic study. Neuroscience 15, 389-401.
15. Daniel, H., Billard, J.M., Angaut, P., and Batini, C. (1987). The interposito-rubrospinal system. 
Anatomical tracing of a motor control pathway in the rat. Neuroscience research 5, 87-112.
16. Teune, T.M., van der Burg, J., van der Moer, J., Voogd, J., and Ruigrok, T.J. (2000). Topography of 
cerebellar nuclear projections to the brain stem in the rat. Prog Brain Res 124, 141-172.
102
Chapter 4
17. Bentivoglio, M., and Kuypers, H.G. (1982). Divergent axon collaterals from rat cerebellar nuclei 
to diencephalon, mesencephalon, medulla oblongata and cervical cord. A fluorescent double 
retrograde labeling study. Experimental brain research 46, 339-356.
18. Herkenham, M. (1979). The afferent and efferent connections of the ventromedial thalamic 
nucleus in the rat. The Journal of comparative neurology 183, 487-517.
19. Aumann, T.D., and Horne, M.K. (1996). Ramification and termination of single axons in the 
cerebellothalamic pathway of the rat. The Journal of comparative neurology 376, 420-430.
20. Jones, E.G., and Hendry, S.H. (1989). Differential Calcium Binding Protein Immunoreactivity 
Distinguishes Classes of Relay Neurons in Monkey Thalamic Nuclei. The European journal of 
neuroscience 1, 222-246.
21. Jones, E.G. (1998). Viewpoint: the core and matrix of thalamic organization. Neuroscience 85, 
331-345.
22. Kuramoto, E., Furuta, T., Nakamura, K.C., Unzai, T., Hioki, H., and Kaneko, T. (2009). Two types of 
thalamocortical projections from the motor thalamic nuclei of the rat: a single neuron-tracing 
study using viral vectors. Cerebral cortex 19, 2065-2077.
23. Kuramoto, E., Ohno, S., Furuta, T., Unzai, T., Tanaka, Y.R., Hioki, H., and Kaneko, T. (2015). Ventral 
medial nucleus neurons send thalamocortical afferents more widely and more preferentially to 
layer 1 than neurons of the ventral anterior-ventral lateral nuclear complex in the rat. Cerebral 
cortex 25, 221-235.
24. Deschenes, M., Bourassa, J., and Parent, A. (1996). Striatal and cortical projections of single 
neurons from the central lateral thalamic nucleus in the rat. Neuroscience 72, 679-687.
25. Clasca, F., Rubio-Garrido, P., and Jabaudon, D. (2012). Unveiling the diversity of thalamocortical 
neuron subtypes. The European journal of neuroscience 35, 1524-1532.
26. Yamamoto, T., Noda, T., Samejima, A., and Oka, H. (1985). A morphological investigation of 
thalamic neurons by intracellular HRP staining in cats. The Journal of comparative neurology 
236, 331-347.
27. Monconduit, L., and Villanueva, L. (2005). The lateral ventromedial thalamic nucleus spreads 
nociceptive signals from the whole body surface to layer I of the frontal cortex. The European 
journal of neuroscience 21, 3395-3402.
28. Uno, M., Yoshida, M., and Hirota, I. (1970). The mode of cerebello-thalamic relay transmission 
investigated with intracellular recording from cells of the ventrolateral nucleus of cat’s thalamus. 
Experimental brain research 10, 121-139.
29. Sawyer, S.F., Young, S.J., Groves, P.M., and Tepper, J.M. (1994). Cerebellar-responsive neurons in the 
thalamic ventroanterior-ventrolateral complex of rats: in vivo electrophysiology. Neuroscience 
63, 711-724.
30. Rispal-Padel, L., and Grangetto, A. (1977). The cerebello-thalamo-cortical pathway. Topographical 
investigation at the unitary level in the cat. Experimental brain research 28, 101-123.
31. Bava, A., Cicirata, F., Giuffrida, R., Licciardello, S., and Panto, M.R. (1986). Electrophysiologic 
properties and nature of ventrolateral thalamic nucleus neurons reactive to converging inputs 
of paleo- and neocerebellar origin. Experimental neurology 91, 1-12.
32. Rispal-Padel, L., and Latreille, J. (1974). The organization of projections from the cerebellar nuclei 
to the contralateral motor cortex in the cat. Experimental brain research 19, 36-60.
33. Yoshida, M., Yajima, K., and Uno, M. (1966). Different activation of the 2 types of the pyramidal 
tract neurones through the cerebello-thalamocortical pathway. Experientia 22, 331-332.
4103
Differentiating CN impact on thalamic nuclei
34. Steriade, M. (1995). Two channels in the cerebellothalamocortical system. The Journal of 
comparative neurology 354, 57-70.
35. Kros, L., Eelkman Rooda, O.H., Spanke, J.K., Alva, P., van Dongen, M.N., Karapatis, A., Tolner, E.A., 
Strydis, C., Davey, N., Winkelman, B.H., et al. (2015). Cerebellar output controls generalized spike-
and-wave discharge occurrence. Annals of neurology 77, 1027-1049.
36. Sawyer, S.F., Tepper, J.M., and Groves, P.M. (1994). Cerebellar-responsive neurons in the thalamic 
ventroanterior-ventrolateral complex of rats: light and electron microscopy. Neuroscience 63, 
725-745.
37. Aumann, T.D., and Horne, M.K. (1996). A comparison of the ultrastructure of synapses in the 
cerebello-rubral and cerebello-thalamic pathways in the rat. Neurosci Lett 211, 175-178.
38. Rovo, Z., Ulbert, I., and Acsady, L. (2012). Drivers of the primate thalamus. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 32, 17894-17908.
39. Sherman, S.M. (2014). The function of metabotropic glutamate receptors in thalamus and 
cortex. The Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry 
20, 136-149.
40. Sherman, S.M., and Guillery, R.W. (1998). On the actions that one nerve cell can have on another: 
distinguishing “drivers” from “modulators”. Proceedings of the National Academy of Sciences of 
the United States of America 95, 7121-7126.
41. Reichova, I., and Sherman, S.M. (2004). Somatosensory corticothalamic projections: 
distinguishing drivers from modulators. Journal of neurophysiology 92, 2185-2197.
42. Groh, A., de Kock, C.P., Wimmer, V.C., Sakmann, B., and Kuner, T. (2008). Driver or coincidence 
detector: modal switch of a corticothalamic giant synapse controlled by spontaneous activity 
and short-term depression. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 28, 9652-9663.
43. Seol, M., and Kuner, T. (2015). Ionotropic glutamate receptor GluA4 and T-type calcium channel 
Cav 3.1 subunits control key aspects of synaptic transmission at the mouse L5B-POm giant 
synapse. The European journal of neuroscience 42, 3033-3044.
44. Liu, X.B., Munoz, A., and Jones, E.G. (1998). Changes in subcellular localization of metabotropic 
glutamate receptor subtypes during postnatal development of mouse thalamus. The Journal of 
comparative neurology 395, 450-465.
45. Rubio-Garrido, P., Perez-de-Manzo, F., Porrero, C., Galazo, M.J., and Clasca, F. (2009). Thalamic 
input to distal apical dendrites in neocortical layer 1 is massive and highly convergent. Cerebral 
cortex 19, 2380-2395.
46. Ohno, S., Kuramoto, E., Furuta, T., Hioki, H., Tanaka, Y.R., Fujiyama, F., Sonomura, T., Uemura, M., 
Sugiyama, K., and Kaneko, T. (2012). A morphological analysis of thalamocortical axon fibers of 
rat posterior thalamic nuclei: a single neuron tracing study with viral vectors. Cerebral cortex 22, 
2840-2857.
47. Deschenes, M., Bourassa, J., Doan, V.D., and Parent, A. (1996). A single-cell study of the axonal 
projections arising from the posterior intralaminar thalamic nuclei in the rat. The European 
journal of neuroscience 8, 329-343.
48. Asanuma, C., Thach, W.T., and Jones, E.G. (1983). Distribution of cerebellar terminations and their 
relation to other afferent terminations in the ventral lateral thalamic region of the monkey. Brain 
research 286, 237-265.
104
Chapter 4
49. Smith, A.M., Massion, J., Gahery, Y., and Roumieu, J. (1978). Unitary acitvity of ventrolateral 
nucleus during placing movement and associated postural adjustment. Brain research 149, 329-
346.
50. Shinoda, Y., Futami, T., and Kano, M. (1985). Synaptic organization of the cerebello-thalamo-
cerebral pathway in the cat. II. Input-output organization of single thalamocortical neurons in 
the ventrolateral thalamus. Neuroscience research 2, 157-180.
51. Steriade, M., Apostol, V., and Oakson, G. (1971). Control of unitary activities in cerebellothalamic 
pathway during wakefulness and synchronized sleep. Journal of neurophysiology 34, 389-413.
52. Bava, A., Manzoni, T., and Urbano, A. (1967). Effects of fastiginal stimulation on thalamic neurones 
belonging to the diffuse projection system. Brain research 4, 378-380.
53. Chen, C.H., Fremont, R., Arteaga-Bracho, E.E., and Khodakhah, K. (2014). Short latency cerebellar 
modulation of the basal ganglia. Nature neuroscience 17, 1767-1775.
54. De Zeeuw, C.I., Hoebeek, F.E., Bosman, L.W., Schonewille, M., Witter, L., and Koekkoek, S.K. (2011). 
Spatiotemporal firing patterns in the cerebellum. Nature reviews. Neuroscience 12, 327-344.
55. Chung, S., Li, X., and Nelson, S.B. (2002). Short-term depression at thalamocortical synapses 
contributes to rapid adaptation of cortical sensory responses in vivo. Neuron 34, 437-446.
56. Mease, R.A., Krieger, P., and Groh, A. (2014). Cortical control of adaptation and sensory relay 
mode in the thalamus. Proceedings of the National Academy of Sciences of the United States 
of America 111, 6798-6803.
57. Viaene, A.N., Petrof, I., and Sherman, S.M. (2013). Activation requirements for metabotropic 
glutamate receptors. Neuroscience letters 541, 67-72.
58. Bickford, M.E. (2015). Thalamic Circuit Diversity: Modulation of the Driver/Modulator Framework. 
Frontiers in neural circuits 9, 86.
59. Bickford, M.E., Zhou, N., Krahe, T.E., Govindaiah, G., and Guido, W. (2015). Retinal and Tectal 
“Driver-Like” Inputs Converge in the Shell of the Mouse Dorsal Lateral Geniculate Nucleus. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 35, 10523-10534.
60. Kelly, L.R., Li, J., Carden, W.B., and Bickford, M.E. (2003). Ultrastructure and synaptic targets of 
tectothalamic terminals in the cat lateral posterior nucleus. The Journal of comparative 
neurology 464, 472-486.
61. Masterson, S.P., Li, J., and Bickford, M.E. (2009). Synaptic organization of the tectorecipient zone 
of the rat lateral posterior nucleus. The Journal of comparative neurology 515, 647-663.
62. Rollenhagen, A., and Lubke, J.H. (2006). The morphology of excitatory central synapses: from 
structure to function. Cell and tissue research 326, 221-237.
63. Zikopoulos, B., and Barbas, H. (2007). Parallel driving and modulatory pathways link the prefrontal 
cortex and thalamus. PloS one 2, e848.
64. Zikopoulos, B., and Barbas, H. (2012). Pathways for emotions and attention converge on the 
thalamic reticular nucleus in primates. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 32, 5338-5350.
65. Geinisman, Y. (1993). Perforated axospinous synapses with multiple, completely partitioned 
transmission zones: probable structural intermediates in synaptic plasticity. Hippocampus 3, 
417-433.
66. Pelzer, P., Horstmann, H., and Kuner, T. (2017). Ultrastructural and Functional Properties of a Giant 
Synapse Driving the Piriform Cortex to Mediodorsal Thalamus Projection. Frontiers in synaptic 
neuroscience 9, 3.
4105
Differentiating CN impact on thalamic nuclei
67. Herkenham, M. (1980). Laminar organization of thalamic projections to the rat neocortex. 
Science 207, 532-535.
68. Goldberg, J.H., Farries, M.A., and Fee, M.S. (2013). Basal ganglia output to the thalamus: still a 
paradox. Trends in neurosciences 36, 695-705.
69. Guo, Z.V., Inagaki, H.K., Daie, K., Druckmann, S., Gerfen, C.R., and Svoboda, K. (2017). Maintenance 
of persistent activity in a frontal thalamocortical loop. Nature 545, 181-186.
70. Gummadavelli, A., Motelow, J.E., Smith, N., Zhan, Q., Schiff, N.D., and Blumenfeld, H. (2015). 
Thalamic stimulation to improve level of consciousness after seizures: evaluation of 
electrophysiology and behavior. Epilepsia 56, 114-124.
71. Berendse, H.W., and Groenewegen, H.J. (1991). Restricted cortical termination fields of the 
midline and intralaminar thalamic nuclei in the rat. Neuroscience 42, 73-102.
72. McCormick, D.A., and Bal, T. (1997). Sleep and arousal: thalamocortical mechanisms. Annual 
review of neuroscience 20, 185-215.
73. Miller, J.W., Gray, B.C., and Bardgett, M.E. (1992). Characterization of cholinergic regulation of 
seizures by the midline thalamus. Neuropharmacology 31, 349-356.
74. Giber, K., Diana, M.A., Plattner, V., Dugue, G.P., Bokor, H., Rousseau, C.V., Magloczky, Z., Havas, L., 
Hangya, B., Wildner, H., et al. (2015). A subcortical inhibitory signal for behavioral arrest in the 
thalamus. Nature neuroscience 18, 562-568.
75. Buee, J., Deniau, J.M., and Chevalier, G. (1986). Nigral modulation of cerebello-thalamo-cortical 
transmission in the ventral medial thalamic nucleus. Experimental brain research 65, 241-244.
76. Ferreira, T.A., Blackman, A.V., Oyrer, J., Jayabal, S., Chung, A.J., Watt, A.J., Sjostrom, P.J., and van 
Meyel, D.J. (2014). Neuronal morphometry directly from bitmap images. Nature methods 11, 
982-984.
77. Hoebeek, F.E., Khosrovani, S., Witter, L., and De Zeeuw, C.I. (2008). Purkinje cell input to cerebellar 
nuclei in tottering: ultrastructure and physiology. Cerebellum 7, 547-558.
78. Franklin, K., and Paxinos, G. (2001). The mouse brain in stereotactic coordinates, Compact, 2nd 
Edition, (Academic Press).
106
Chapter 4
Supplementary	Experimental	Procedures
Experimental Procedures
All experiments were performed in accordance with the European Communities Council 
Directive. Protocols were reviewed and approved by the Dutch national experimental 
animal committees (DEC) and every precaution was taken to minimize stress, discomfort 
and the number of animals used. 
Animals
Data were collected from 21-56 day old C57BL/6NHsd mice of both sexes, which were 
purchased from Envigo laboratories (Horst, Netherlands). 
Viral injections
Mice were anesthetized with isoflurane, (4% in 0.5 L/min O
2
 for induction and 1.5% 
in 0.5 L/min O
2 
for maintenance), carprofen (5 mg/kg), buprenorphine (50 µg/kg) and 
lidocaine (10%, local application). For optogenetic stimulation we stereotactically 
delivered adeno-associated virus (AAV) encoding Channelrhodopsin2 (ChR2) coupled 
with a EYFP fluorophore (AAV2-hSyn-ChR2(H134R)-EYFP) to the CN. Following bilateral 
craniotomies of ~0.5 mm above the interparietal bone (-2 mm anterior-posterior and 
1.5-2 mm medial-lateral to lambda), 150-200 nl (at a rate of ~20 nl/min) of AAV was 
injected to the CN in both hemispheres. The viral vector was kindly provided by Prof. K. 
Deisseroth (Stanford University) through the UNC and UPENN vector cores. 
Preparation of acute brain slices
Following 3-6 weeks of incubation isoflurane-anesthetized mice were decapitated, their 
brains were quickly removed and placed into ice-cold slicing medium containing (in mM): 
93 NMDG, 93 HCl, 2.5 KCl, 1.2 NaHPO
4
, 30 NaHCO
3
, 25 Glucose, 20 HEPES, 5 Na-ascorbate, 
3 Na-pyruvate, 2 Thiourea, 10 MgSO
4
, 0.5 CaCl
2
, 5 N-acetyl-L-Cysteine (osmolarity 310 ± 
5; bubbled with 95% O
2
 / 5% CO
2
) [1]. Next, 250-300 μm thick horizontal or coronal 
slices were cut using a Leica vibratome (VT1000S). For the recovery, brain slices were 
incubated for 5 min in slicing medium at 34 ± 1˚C and subsequently for ~40 min in 
ACSF (containing in mM: 124 NaCl, 2.5 KCl, 1.25 Na
2
HPO
4
, 2 MgSO
4
, 2 CaCl
2
, 26 NaHCO
3
, 
and 20 D–glucose, osmolarity 310 ± 5; bubbled with 95% O
2
 / 5% CO
2
) at 34 ± 1˚C. After 
recovery brain slices were stored at room temperature (RT) before the experiments 
started. The accompanying hindbrain was post-fixed in 4% paraformaldehyde (PFA), for 
histological confirmation of the viral injection location (see below). 
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In vitro whole cell recordings
For all recordings, slices were bathed in 34 ± 1˚C ACSF (bubbled with 95% O
2
 and 
5% CO
2
). Whole-cell patch-clamp recordings were performed using an EPC-9 or EPC-
10 amplifier (HEKA Electronics, Lambrecht, Germany) for 20-60 min and digitized at 
20 kHz. Resting membrane potential (V
rest
) and input resistance were recorded after 
whole-cell configuration was reached. Recordings were excluded if the series resistance 
(R
S
) (assessed by -5 or -10 mV voltage steps following each test pulse) varied by 
>25% over the course of the experiment. Voltage and current clamp recordings were 
performed using borosilicate glass pipettes with a resistance of 3-5 MΩ when filled 
with K+-based internal (in mM: 124 K-Gluconate, 9 KCl, 10 KOH, 4 NaCl, 10 HEPES, 28.5 
Sucrose, 4 Na
2
ATP, 0.4 Na
3
GTP (pH 7.25-7.35; osmolarity ~290)). Recording pipettes were 
supplemented with 1 mg/ml biocytin to allow histological staining (see below). Current 
clamp recordings were corrected offline for the calculated liquid junction potential of 
-10.2 mV. All recordings were performed in the presence of picrotoxin (100 µM, Sigma-
Aldrich) to block GABA
A
-receptor-mediated IPSCs. 
Full-field optogenetic stimulation (470 nm peak excitation) was generated using a 
Polygon4000 (Mightex, Toronto, Canada) or a pE2 (CoolLED, Andover, UK), that were 
controlled using TTL-pulses generated by the HEKA amplifier. Light intensities at 470 nm 
were recorded using a photometer (Newport 1830-C equipped with an 818-ST probe, 
Irvine, CA) at the level of the slice. Typically the light intensities sufficient to trigger 
the maximal response amplitude in thalamic cells ranged from 0.1 to 6.65 mW/mm2. 
To trigger neurotransmitter release from transfected CN axons we delivered 1 ms light 
pulses at 0.1 Hz and an intensity resulting in the maximally evoked response, unless 
stated otherwise. To characterize the postsynaptic receptors we sequentially bath-
applied AMPA- (10 μM NBQX), NMDA- (10 μM APV), mGluR1- (10 μM JNJ-16259685) and 
mGluR5- (50 µM MPEP) blockers. Each drug was added only after the EPSC amplitude 
stabilized. All drugs were purchased from Tocris (Bristol, UK). To ensure that we recorded 
action potential-driven neurotransmitter release most experiments were concluded 
by bath application of 10 μM tetrodotoxin (TTX), which blocked all post-synaptic 
responses in the recorded thalamic neurons. The responses evoked in thalamic neurons 
by optogenetic stimulation of CN axons were solely of monosynaptic origin, which 
matches the known absence of local interneurons and of local axon collaterals [2].
Immunofluorescence
To visualize the recorded neurons and CN axons, slices were placed in 4% PFA (in 0.12 M 
PB) for at least 24 hrs [3]. Subsequently, slices were transferred into 0.1 M PBS and rinsed 
with PBS 3 times for 10 min. Slices were incubated for 1 hr at RT in blocking solution 
(containing 10% normal horse serum (NHS) and 0.5% triton diluted in PBS), which 
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was followed by over-night incubation with primary antibody for vesicular glutamate 
transporter type 2 (vGluT2) (anti Guinea Pig; Millipore Bioscience Research Reagent; 
1:2000 diluted in PBS containing 2% NHS and 0.4% Triton). Slices were subsequently 
rinsed 3 times for 10 min and incubated for 2 hrs with Streptavidin-Cy3 (1:200, Jackson 
Immunoresearch) and anti-guinea pig Cy5 (1:200, Jackson Immunoresearch) diluted in 
PBS containing 2% normal horse serum and 0.4% triton. Sections were rinsed in PBS, 
mounted with Vectashield (Vector laboratories) and imaged with a LSM 700 confocal 
microscope (Carl Zeiss Microscopy, LLC, USA). 
For localization of the injection sites, the cerebellum was removed from forebrain 
and fixed with PFA 4% for 5 to 10 days on a shaker at 4°C. Serial 40 µm thick horizontal 
sections were obtained on a freezing microtome. The tissue was rinsed in PBS solution 
and then transferred in blocking solution for 1 hr at RT and subsequently incubated for 
10 min with DAPI (300nM). Sections where rinsed with 0.01M PB and mounted on glass. 
Fluorescence microscopy and reconstruction
Guided by calbindin D28-K staining (primary: Calbindin α-rabbit 1:7000, Swant Inc, 
#CB-38a; secondary: 405 nm rabbit-α-donkey 1:400, Jackson Immunoresearch #A421) 
and a reference atlas [4] we outlined the thalamic nuclei of interest. For each nucleus 
the expression pattern of ChR2-YFP was quantified with RGB measure function of Fiji 
(ImageJ) in order to have the mean intensity among the region of interest (ROI). 
Recorded neurons were labeled with biocytin. Epifluorescent tile images were 
obtained using a 20X/0.30 NA (air) objective and a LSM 700 microscope (Carl Zeiss). 
The position of labeled neurons was confirmed using a stereotactic atlas [4]. Terminals 
positive to VGluT2 staining were identified and morphologically studied using confocal 
images that were captured using the following excitation wavelengths: 488 nm (YFP), 
555 nm (Cy3) and 639 nm (Cy5). Terminals were imaged using a 40X/1.30 NA (oil) 
objective by acquiring a stack of images with 0.5 digital zoom and a voxel size of 313 nm 
width x 313 nm length x 300 nm depth. Using custom-written Fiji-scripts (ImageJ) we 
identified putative synaptic contacts, i.e. YFP-positive varicosities that colocalized with 
vGluT2-staining that are within 1 µm distance from the recorded neurons. Once synaptic 
contacts were isolated high resolution image stacks were acquired using a 63X1.4 NA 
oil objective with 1X digital zoom, a pinhole of 1 Airy unit and significant oversampling 
for deconvolution (voxel dimension is: 46 nm width x 46 nm length x 130 nm depth 
calculated according to Nyquist factor; 8-bit per channel; image plane 2048 x 2048 
pixels). Signal-to-noise ratio was improved by 2 times line averaging. Stack’s subsets of 
the connection were deconvolved using Huygens software (Scientific Volume Imaging). 
Further analysis was performed using a custom-written Fiji macro. The color channels 
(YFP, Cy3 and Cy5) of the images were split to get separate stacks. The YFP and Cy3 
4109
Differentiating CN impact on thalamic nuclei
channels were Gaussian blurred (sigma = 1) and selected by a manually set threshold. A 
binary open function was done on both images (iterations = 4, count = 2) and objects 
were removed if their size was <400 pixels (YFP) or <120 pixels (Cy3). A small dilatation 
was done on the red image (iteration = 1, count = 1). With the image calculator an ‘and-
operation’ was done using the binary red and green image. The values 255 (white) of the 
binary YFP image were set to 127. This image and the result of the AND-operation were 
combined by an OR-operation. The resulting image was measured with the 3D-object 
counter plugin for volumes and maximum intensities. Only objects containing pixels 
with an intensity of 255 (overlap) are taken in account for analysis. Estimation of synapse 
density (number of terminals/area µm2) was obtained for each nucleus by dividing the 
number of terminals by the image area [5]. To quantify the distance from soma for 
vGluT2-positive CN terminals on reconstructed neurons we used a custom-written 
macro in Fiji software (ImageJ). Briefly, we calculated the distance in 3 dimensions 
(using x-, y-, z-coordinates) between the center of the terminal and the center of the 
soma by Pythagorean Theorem.
3D Sholl analysis
To determine the dentritic arborization of biocytin filled cells, we used the 3D Sholl 
analysis macro implemented in Fiji software [6]. For preprocessing, image stacks over 
a z-volume of 18.5 - 87.5 µm were binarized. Stacks with excessive background signal 
were excluded from further analysis. Subsequently the dendritic arborization was 
measured in concentric shells of 10 µm distance starting with 15 µm distance from the 
center of the soma. At this first sphere we manually counted the number of primary 
dendrites and assessed their directionality by calculating the radial angle between the 
primary dendrites.
Electron microscopy 
Four mice were injected with anterograde neuronal tract tracer biotinylated dextran–
amine (10% BDA in 0.1 M PB, pH 7.4, molecular weight 10,000) by iontophoresis (pulses 
of 4 µA, 10 min) with a glass micropipette (tip opening, 8–10 µm) in the interpositus and 
lateral CN. After 5 days mice were anesthetized with an overdose of nembutal (i.p.) and 
transcardially perfused with 4% PFA and 1% glutaraldehyde in phosphate buffer. Brains 
were removed, kept overnight in 4% PFA, and cut into 60 μm thick coronal sections 
using a vibratome. Sections were subsequently washed in PBS, incubated for 20 min 
in 3% H
2
O
2
 (in PBS) to remove endogenous peroxidase activity of blood, washed again, 
placed for 1 hr in 10% NHS and finally incubated for 24 hrs in ABC-HRP (Vector). At the 
end of the immunostaining, the sections were stained with 0.5% 3,3-diaminobenzidine 
tetrahydrochloride (DAB) and 0.01% H
2
O
2
 for 15 min at RT. Ultimately, the sections 
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were osmicated with 1% osmium in 8% glucose solution, dehydrated in propyleen 
oxide, and embedded in araldite (Durcupan, Fluka, Germany). Guided by staining levels 
in semithin sections (0.5 µm thick), we made pyramids of the VL, VM and CL nuclei. 
Ultrathin sections (60 nm) were cut using an ultramicrotome (Leica, Germany), mounted 
on nickel grids, and counterstained with uranyl acetate and lead citrate. CN axon 
terminals were photographed at various magnifications (range 3900X-25500X) using 
an electron microscope (CM 100, Philips, Eindhoven, Netherlands) and analyzed off-
line using standard measurement functions in Fiji (ImageJ). To limit the possibility that 
our electron micrographs contained various images of the same pre- and postsynaptic 
structures we separated our ultrathin sections by various semi-thin sections. 
Data analysis and statistics 
Current and potential traces were acquired using Pulse and Patchmaster software 
(HEKA) and stored for offline analysis. Single stimulus data was analyzed using Clampfit 
software (Molecular Devices), while trains of stimuli were analyzed with custom written 
routines in Igor Pro 6.1 (Wavemetrics, Lake Oswego, Oregon). To evaluate the variability 
of EPSC amplitude and charge transfer we calculated the coefficient of variation (CV): 
the ratio between standard deviation and mean. For trains of stimuli, the peak amplitude 
of each evoked postsynaptic current (EPSC) was detected relative to baseline. All EPSC 
amplitudes within the train were normalized to the first EPSC. The total charge during 
train stimulation was calculated by determining the area under the curve between the 
first and the last stimulus relative to baseline. For all recordings averages of at least 5 
sweeps per cell were calculated. The steady state amplitude was calculated by averaging 
the amplitude of responses to the last 5 stimuli. 
Using GraphPad PRISM and SPSS software packages we ran statistical comparisons 
between the thalamic nuclei (VL, VM and CL) by one-way ANOVA, Kruskal-Wallis (K-W) 
or Kolmogorov-Smirnov (K-S) tests as indicated in the main text. Statistical difference 
for pharmacology data was assessed using Friedman test. For Sholl analysis a two-way 
ANOVA was used with Bonferroni Multiple comparison test. We corrected missing values 
by the Last observation carried forward (LOCF) method. Correlation coefficients were 
calculated using Spearman. We defined p<0.05 as a significant difference. Throughout 
the main text we report a subset of the statistical data; all details are provided in the 
Supplemental data tables that accompany each figure. Summarized data are represented 
as mean ± standard error. Throughout the figures data from VL are indicated in green, 
VM in red and CL in blue, unless stated otherwise. 
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Figure 1
Panel Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
1B Kruskal Wallis 0.003
-VL-VM 0.529
-VM-CL 0.136
-VL-CL 0.002
2 18 6 mice Dunn-Sidak
1I Kolmogorov 
Smirnov
VL-VM <0.001
VM-CL 0.966
VL-CL <0.001
671 terminals
245 terminals
572 terminals
5 mice Bonferroni
1J Kruskal Wallis 0.028
VL-VM 0.334
VM-CL 0.865
VL-CL 0.024
2 15 5 mice Dunn-Sidak
Figure 2
Panel Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
2B
EPSC 
Amplitude
Kruskal Wallis <0.001
VL-VM 0.001
VM-CL 1
VL-CL <0.001
2 44 cells 40 mice Dunn-Sidak
2B
EPSC 
Charge
Kruskal Wallis <0.001
VL-VM 0.002
VM-CL 1
VL-CL 0.001
2 47 cells 40 mice Dunn-Sidak
2D
EPSC CV
Kruskal Wallis 0.001
VL-VM 0.031
VM-CL 1
VL-CL 0.001
2 42 cells 40 mice Dunn-Sidak
2D
Charge CV
Kruskal Wallis 0.001
VL-VM 0.025
VM-CL 1
VL-CL 0.03
2 46 cells 40 mice Dunn-Sidak
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Figure 3
Panel
3H
Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
VL Kruskal Wallis 0.002
10-20 Hz 0.492
10-50 Hz 0.001
20-50 Hz 0.111
2 39 cells 29 mice Dunn-Sidak
VM Kruskal Wallis 0.496 2 22 cells 9 mice
CL Kruskal Wallis 0.006
10-20 Hz 0.234
10-50 Hz 0.004
20-50 Hz 0.230
2 16 cells 9 mice Dunn-Sidak
Panel
3H
Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
10 Hz Kruskal Wallis 0.344 2 29 cells 18 mice
20 Hz Kruskal Wallis 0.168 2 27 cells 13 mice
50 Hz Kruskal Wallis 0.137 2 20 cells 16 mice
Panel
3I
Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
VL Kruskal Wallis 0.007
10-20 Hz 0.464
10-50 Hz 0.005
20-50 Hz 0.529
2 29 cells 29 mice Dunn-Sidak
VM Kruskal Wallis 0.037
10-20 Hz 1
10-50 Hz 0.056
20-50 Hz 0.118
2 12 cells 9 mice Dunn-Sidak
CL Kruskal Wallis 0.077 2 12 cells 9 mice
Panel
3I
Test applied P-value Degrees of 
freedom
Population size Definition of 
population
Correction 
10 Hz Kruskal Wallis 0.167 2 20 cells 18 mice
20 Hz Kruskal Wallis 0.321 2 18 cells 13 mice
50 Hz Kruskal Wallis 0.867 2 15 cells 16 mice
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Figure 4
Panel
4B
Test applied P-value Degrees of 
freedom
Population 
size
Definition of 
population
Correction 
Control vs NBQX Friedman 0.500 3 10 cells 9 mice
NBQX vs 
NBQX+APV
Friedman 0.146 3 10 cells 9 mice Dunn-Bonferroni
Control vs 
NBQX+APV
Friedman <0.001 3 10 cells 9 mice Dunn-Bonferroni
NBQX+APV vs
NBQX-AP5-
MPEP+JNJ
Friedman 1.000 3 10 cells 9 mice Dunn-Bonferroni
NBQX vs
NBQX+APV+
MPEP+JNJ
Friedman 0.019 3 10 cells 9 mice Dunn-Bonferroni
 
Figure 5
Panel Test applied P-value Degrees of 
freedom
Population 
size
Definition of 
population
Correction 
5D
Intersection 55 µm
2-way
ANOVA
VL-VM 0.733
VM-CL 0.350
VL-CL 0.018
26 cells 26 mice
5E Kruskal Wallis 0.015 2 33 cells 26 mice Dunn-Sidak
5F Kruskal Wallis 0.141 2 164 26 mice
5G Kolmogorov-
Smirnov
VL-VM 0.831
VM-CL 0.136 VL-CL 
0.343
93
123
112
26 mice Bonferroni 
Figure 6
Panel Test applied P-value Degrees of 
freedom
Population 
size
Definition of 
population
Correction 
6B Kruskal Wallis 0.373 2 34 cells 24 mice Dunn-Sidak
6C Kruskal Wallis 0.586 2 110 cells 24 mice Dunn-Sidak
6E Kruskal Wallis 0.027
VL-VM 1.00
VM-CL 0.353 VL-CL 0.023
2 130 terminals 24 mice Dunn-Sidak
6F Kolmogorov
Smirnov
VL-VM 0.834
VM-CL 0.080 VL-CL 0.044
93 terminals
59 terminals
108 terminals
24 mice Bonferroni
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Figure 7
Panel
7B
Test applied P-value Degrees of 
freedom
Population 
size
Definition of 
population
Correction 
Terminal
surface
Kruskal Wallis 0.099 2 97 terminals 4 mice Dunn 
Sidak
Number of
Mitochondria
Kruskal Wallis 0.468 2 83 terminals 4 mice Dunn 
Sidak
Mitochondria
Surface
Kruskal Wallis <0.001
VL-VM 0.034
VM-CL 0.000
VL-CL <0.001
2 315 
mitochondria
4 mice Dunn 
Sidak
PSD length Kruskal Wallis 0.012
VL-VM 0.024
VM-CL 1.000 VL-CL 0.055
2 275 PSD 4 mice Dunn 
Sidak
Number of
Release sites
Kruskal Wallis 0.667 2 90 terminals 4 mice Dunn 
Sidak
Dendritic
diameter
Kruskal
Wallis
0.080 2 97 dendrites 4 mice Dunn 
Sidak
“Und meine Seele spannte
Weit ihre Flügel aus
Flog durch die stillen Lande 
Als fl öge sie nach Haus”
Mondnacht – Eichendorff 
Chapter	7
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Neurons exchange signals through synapses that build up the networks, such as 
the cerebello-thalamic-cortical loop, in the brain. Understanding the structural and 
functional connectivity of synapses is one of the fundamental goals of neuroscience. 
So far, only few studies have addressed the basic anatomical description and systemic 
function of the cerebello-thalamic connection (CN-TC). 
The aim of this thesis was to characterize the structural and functional properties of 
the CN-TC in young and adult mouse brain and to establish the cerebellar impact on the 
thalamus in epilepsy mouse models. In the interest of describing the detailed properties 
of CN-TC connection we used different tools, like optogenetics, transgenic mice and 
electrophysiology to unravel how the cerebellar nuclei connect to thalamic cells and 
what the impact is in the normal, healthy mouse brain (Chapter 4) and in disease 
(Chapter 5). Moreover, we wanted to investigate the building blocks studying the 
onset of the anatomical connection (Chapter 2) and recording the electrophysiological 
properties of cerebellar nuclei that contain the neurons which synapse in the thalamus, 
during various developmental stages (Chapter 3). Moreover, we also investigated 
whether the Zebrin identity, and thus the location, of Purkinje cells, co-determined the 
firing pattern of thalamus-projecting CN neurons.
Cerebellar	synaptic	transfer	mode
CN neurons, the output of the cerebellum, need to integrate several inputs coming 
from diverse sources. In the mouse brain the inhibitory input from PCs [1, 2] converges 
onto CN neurons with an estimated ratio of ~50 controlling the CN firing pattern most 
effectively in conditions of high PC synchronicity [3]. Also mossy and climbing fiber 
collaterals project to CN neurons. Although quantitative anatomical data is absent, 
these projections are thought to diverge and evoke excitatory responses that also 
contribute to CN action potential firing [4-6]. Tracing studies in cats showed that half 
of the axons originating from pontine nuclei send collateral branches terminating in 
the dentate nucleus [7], which indicates that 50% of mossy fibers provide excitatory 
inputs to CN and thus in principle compete with the inhibitory inputs from PCs (figure 
1). Moreover there is a connection between the cerebellum and inferior olive as each PC 
receives a powerful excitatory climbing fiber input from a single inferior olive neuron.
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Figure 1 Scheme of connection in the cerebellum. The cerebellar cortex receives main excitatory 
inputs (black) from the inferior olive (IO) and pontine regions (PR) and provides via the Purkinje cell 
axons an inhibitory feedback (red) to the CN. Whereas the external IO and PR signals, which enter 
the cerebellum via the climbing fibers (cf ) and the mossy fiber (mf )–parallel fiber (pf ) pathway, are 
all excitatory, the local transmissions by the axons of the molecular layer interneurons (yellow) and 
recurrent collaterals (prc) of the Purkinje cells (red) are all inhibitory. mfc, Mossy fiber collaterals; cfc, 
climbing fiber collaterals. The local Golgi cell inhibition of granule cells (GC) is not depicted in this 
drawing. Adapted from Heck et al. 2013
The olivary-cortico-nuclear circuit is organized in distinct modules based on the 
expression of Zebrin [8]. Recent evidence indicates that PCs within the same module 
operate around a preferred range of intrinsically determined simple spike firing 
frequencies: 60 Hz for Zebrin-positive and 90 Hz for Zebrin-negative [9]. Several 
hypotheses have been suggested to account for the possible modes of information 
transfer under a regime of high inhibitory input [3, 10, 11]. One is the “synchrony 
coding” theory, which states that the synchronized inhibition of the PCs is phase-
locking the spiking activity of the glutamatergic cells [3, 12]. On the other hand there is 
the “rebound spike” hypothesis, which states that the glutamatergic cells encodes the 
pauses of Purkinje cell activity in which hyperpolarization is released from the target 
cell, and this release is causing the cell to fire a burst of spikes [12, 13]. According to 
the “rebound spike” theory we would expect CN neurons of Zebrin-negative domain 
to fire less action potential as the firing frequency of PCs cells is very high and the CV 
is lower than in PC Zebrin-negative [9]. These firing patterns do not seem to give the 
opportunity to CN neurons to have a pause sufficiently long to fire a burst of spikes 
by activation of Ih, IT and INaP currents [12, 14, 15]. However the higher variability of 
the Zebrin-positive PCs’ simple spike firing combined with the lower firing frequency 
suggests that the firing pattern is more irregular and possibly less synchronized. This 
could explain why we observed a lower FF in the Zebrin-positive CNs. Thus, because the 
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different firing pattern of Purkinje cells of different olivocerebellar modules appear to 
engage different CN spike activity, it seems that PCs have diverse encoding strategies 
dedicated for the type of behaviour they control. 
It is known that CN axons are branching in diverse thalamic region, which in turn 
send projections to cortical areas involved in various behaviour, such as motor control, 
motor learning and cognitive functions (chapter 4). Of note is that it has not been proven 
that the nuclei receiving inhibition from Zebrin-positive or Zebrin-negative also have a 
preferred target in thalamus; because of the tendency of the paired-pulse depression 
at the CN-TC synapse upon repetitive light stimuli (chapter 4) and the fact that Zebrin-
negative CN cells fire at higher frequencies than Zebrin-positive CN cells indicates that 
neurotransmission from Zebrin-positive CN neurons on their thalamic target neurons 
might be more resilient against depletion. Therefore the impact CN neurons might have 
on thalamic nuclei of different areas depends on their anatomical location and could 
even be decisive on the information transmitted to thalamocortical neurons. So it will 
be of interest to discern in the future, with dedicated anatomical experiments, if CN 
connected by PCs of different modules also project to dedicated thalamic nuclei.
Why	only	motor?	
The cerebellar role in motor function is well recognized and recent experimental 
evidence, which was pioneered by Jeremy Schmahmann [16] and others, uncovered the 
connection between cerebellar functioning and cognitive processes, such as emotions, 
working memory and attention [17-19]. 
In general motor and cognitive functions have been viewed as independent 
phenomena, but they might be much more interrelated than has been previously 
appreciated. There is no doubt on the role of cerebellum in motor leaning [20], but in 
addition to that hallmark feature, several lines of evidence indicate that the mammalian 
cerebellum is participating in non-motor functions that are also encoded by the 
prefrontal cortex[21]. It has been found through neuroimaging studies that when a 
cognitive task increases activation in dorsolateral prefrontal cortex, it also increases 
activation in the contralateral cerebellum [22]. Unsurprisingly, perturbations in the 
correct development of the cerebellum lead also to deficits that spread to non-motor 
functions[23]. 
Lesions in adult showed a deficit in cognitive tasks [24] and children who suffered 
from congenital cerebellar malformations (such as Joubert syndrome) in addition to 
motor problems display marked cognitive defects [25, 26]. Emerging data show that 
neurodevelopmental disorders like autism spectrum disorders (ASD) are linked to 
220
Chapter 7
synaptic dysfunctional networks [27, 28]; in mutant mice that are characterized by 
impaired function of the postsynaptic scaffolding protein Shank2 in cerebellar cortex 
social interaction deficits have been described, supporting a non-motor function of the 
cerebellum [29]. 
Perturbation during development might lead to abnormalities in the brain structure. 
Data gathered in mice indicate that there are critical periods in which disruption of the 
thalamic activity decreased the size of the correlated cortical area [30]. These findings 
suggest ‘normal’ thalamic activity is required for expansion of the cerebral cortex. In 
chapter 2 we investigated when the cerebello-thalamic connection is formed. Our 
findings suggest that there might be two different time points at which cerebellar 
defects could cause thalamo-cortical abnormalities, when it enters ventral thalamus (at 
15.5E) and when it goes to dorsal thalamus (at 17.5). It has been shown in mice that 
a part of the ventral thalamus, zona incerta (ZI), when silenced, it leads to decreased 
synaptic activity and apical dendritic complexity of cortical neurons [31], suggesting 
that GABAergic projection from the ZI to cortex is essential for proper development 
of cortical neurons. A similar effect was shown for thalamus-barrel cortex connectivity 
[30], which together with the previously mentioned findings seems to indicate that 
it is fundamental for the normal development of thalamo-cortical networks that 
the neuronal activity of thalamic neurons remains undisturbed as long the axonal 
connections have not been completed. Cerebellar fibers are projecting both to ZI and 
the other nuclei of dorsal thalamus, suggesting that once these cerebellar efferents 
reach these target neurons they can contribute to the correct activity of thalamic and 
incertal neurons and thus to the proper development of their cortical targets. As shown 
in chapter 4, the cerebello-thalamic connection spreads to different thalamic regions 
affecting also areas of the cortex that are not only related to motor activity. If during 
invasion of the cerebellar fibers in the thalamus, the CN cells change their activity, as the 
correct axon growth depends on cAMP signalling and calcium influx [32], and/or target 
this might lead also to abnormal development of the thalamo-cortical connection also 
in brain areas like the prefrontal cortex increasing the chances to progress cognitive 
deficits.
The ventrolateral and ventromedial nuclei of the thalamus, both related to the 
execution and planning of motor activity, are the ones that already at E18.5 (as shown 
in chapter 2) receive the most of the innervation from cerebellum. However, also 
intralaminar nuclei receive a remarkable number of fibers in adult brain of many animal 
species [33-35]. So, however, we have to acknowledge that the main role of cerebellum 
can still be in motor function, there are evidences that the role that it plays in higher 
functions is of relevance.
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The	(strong)	impact	of	cerebellum	on	thalamus
Information that has been processed by the cerebellum can end up in the thalamic 
complex (figure 2) and thereby reach various cerebral cortical regions. This information 
is spread divergently to more than one region broadening the effect that it might 
have on cortical activity. Taking advantage of optogenetic tools that allow us to label 
and activate specific cell populations in specific CNS structures [36], in chapter 4 we 
investigated the impact of cerebellum on thalamic nuclei related to motor function (VL 
and VM) and intralaminar nuclei (CL).
Figure 2. Schematic of cerebellar nuclei (green) innervation to dorsal thalamus (orange)
The difference in the amplitude of the evoked response suggested that the information 
destined for the motor thalamus (VL nucleus) needs to arrive at the target with 
millisecond precision and be faithfully transmitted to motor cortex. However the 
message passing through the intralaminar nucleus CL is smaller compared to the “main” 
in the motor thalamic regions, suggesting a differential impact on the cortical areas 
innervated by CL thalamocortical neurons. It seems plausible that the message passing 
through the thalamus to motor cortex could send smaller “copies ” of the main message 
to keep higher cortical areas informed of such commands. For the cerebellar output 
CL seems a relevant target to get this information as for its nature, its axons diverge to 
many cortical areas like parietal, frontal and striatum. The connection to the striatum is 
also of interest, because it has been shown that cerebellar activation in mice altered the 
activity of striatal neurons facilitating optimal motor control [37].
This broad impact might also explain why, as seen in chapter 5, optogenetic 
stimulation of cerebellar terminals in thalamus could re-establish physiological 
thalamo-cortical network in epileptic mice. The tottering mouse phenotype is due to 
a mutation in the gene that encodes the Cav2.1 (P/Q-type) Ca2+ channels, which are 
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important for initiating synaptic transmission at most synapses formed by neurons of 
the mammalian central nervous system [38]. Previous studies reported that tg mice 
have impaired inhibition of thalamo-cortical cells on layer 4 pyramidal neurons [39] 
and impaired EPSC amplitude in VB thalamic cells upon current injection [40]. These 
data support the idea that both inhibitory and excitatory transmission in the thalamo-
cortical networks are reduced, which could lead to pathological oscillations [41]. 
Thalamic cells receive, beside cortical and subcortical inputs, also inhibitory inputs from 
reticular nuclei. All these inputs together defines the state of the thalamic cell that upon 
a sudden, synchronized excitation (coming from CN) can trigger an action potential, as in 
the case of the potent CN-VL transmission, or a subthreshold membrane depolarization 
that stops oscillatory activity, as in the case of CN-VM and CN-CL transmission – both 
these may contribute to the eventual stop of absence seizures following single-pulse 
CN stimulation. Yet, since we were not able yet to investigate the impact of the tg 
CaV2.1 mutation, it would be of interest to dedicate a set of experiments to investigate 
whether CN terminals release properties, like release probability, are affected by the 
gene mutation and whether compensatory mechanisms, such as the upregulation of 
other calcium channels (N-type) [42] are at work. It is possible that although the channel 
composition is different, the thalamic neurons will take advantage of the summation of 
the input coming from synchronized cerebellar terminals to overcome the lower release 
probability. 
To conclude, more experiments need to be performed in vivo to investigate in wild 
type animals how optogenetic stimulation of cerebellum can affect thalamic activity 
and behaviour. So far, the efforts in the neuroscience field [43, 44], appear too limited 
to make any strong statement about the different functions that the cerebellar output 
can have in thalamo-cortical networks. For these reasons we need to explore through 
behavioural tasks to test either attention, learning and memory and social behaviour, if 
enhancing CN output through optogentic stimulation can show significant influence on 
the performance. Moreover it will be worth to perturb the CN afferents during different 
stages in the development to investigate the impact on the cerebello-thalamo-cortical 
loop. In light of the cerebellar role in several neurodevelopmental disorders, it is of great 
interest to unravel which cerebellar and thalamic nuclei are prone to lead to specific 
pathological conditions and if there are sensitive time points in which restoring or 
helping the correct development of these fibers can prevent the onset of the disease.
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Het hoofdoel van dit proefschrift was om de verbindingen tussen het cerebellum 
en de thalamus in het muizen te karakteriseren om zo meer antwoorden te kunnen 
genereren op vragen over de rol van deze verbinding in motorische en cognitieve 
functies, alsmede in neurologische ziekten zoals epilepsie. Om dit doel te bereiken 
zijn er elektrofysiologische en anatomische experimenten uitgevoerd in zowel het 
ontwikkelende en volwassen brein.
De resultaten in hoofdstuk	 2 geven inzicht in de vorming van de cerebello-
thalamische verbinding tijdens de embryonale ontwikkeling. Het tijdspunt waarop de 
eerste neuronale verbindingen wordt gevormd blijkt in de laatste dagen in utero plaats 
te vinden. Deze kennis zal bijdragen aan het opbouwen van een referentiekader over 
hoe en vanaf welke leeftijd een cerebellaire afwijking kan leiden tot een breed pallet 
van neurologische aandoeningen.
De resultaten in hoofdstuk	 3 beschrijven hoe de cerebellaire kernen de door het 
cerebellum verwerkte informatie doorstuurt naar andere breinkernen. De Purkinje cellen 
zijn zowel functioneel als moleculair gecategoriseerd en in dit hoofdstuk wordt de impact 
van de verschillende activiteitspatronen op cerebellaire kernneuronen onderzocht. 
In hoofdstuk	4 zijn resultaten beschreven die verkregen zijn door met optogenetica 
selectief de axonen van cerebellaire kernneuronen te stimuleren en door middel 
van ‘patch clamp’ afleidingen de respons te meten in thalamische neuronen. Deze 
metingen zijn uitgevoerd in de ventrolaterale, ventromediane en centrolaterale 
thalamische kernen. De elektrofysiologische karakteristieken en de morfologie van deze 
verbindingen bleken specifiek per thalamische kern, en dus variabel. De bevindingen 
suggereren dat de cerebellaire verbindingen wijdverspreid en variabel effect hebben 
op de cerebrale schors en de daarin gecodeerde functies.
In hoofdstuk	 5 hebben we effectiviteit van de cerebellaire verbindingen naar 
de thalamus verder onderzocht, door de cerebellaire kernneuronen of –axonen 
optogenetisch te stimuleren in een muismodel voor gegeneraliseerde absence 
aanvallen. Deze vorm van epilepsie wordt gekenmerkt to pathologische oscillaties 
in de thalamo-corticale banen die gestopt kunnen worden door optogenetische 
stimulaties van de cerebellaire kernneuronen. In dit hoofdstuk blijkt dat stimulaties 
van de cerebellaire kernneuronen een variabel effect heeft op de vuurpatronen van de 
thalamische neuronen. Directe stimulatie van een deel van de axonen bleek minder 
effectief in het stoppen van absence aanvallen dan de cerebellaire kernneuronen. 
Hoofdstuk	6 bevat een literatuuroverzicht van stimulatieexperimenten die als doel 
hadden om de rol van het cerebellum in verschillende neurologische aandoeningen te 
bestuderen. 
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Summary
The primary goal of this dissertation was to characterize the cerebello-thalamic (CN-
TC) connection in mice to further elucidate questions regarding its role in motor 
and non-motor functions as well as in neurological disorders like epilepsy. Hereto, 
electrophysiological and anatomical experiments were performed in both the 
developing and adult mouse brain.
Chapter 2 provides insight into the formation of CN-TC connections during 
embryonic development and thereby reveal the time point from which the CN axons 
enter the thalamus and from when these axons start to form synapses. This knowledge 
will help to set the time point from which perturbations of the cerebellar development 
might lead to a dysfunctional cerebello-thalamic-cortical loop and thereby contribute to 
the wide range of neurological conditions reported in pediatric patients with cerebellar 
dysfunction. 
Chapter	3 investigates the mode in which CN forward the information coming from 
cerebellar cortex. Previous research indicates that the peculiar organization of Purkinje 
cells in bands translates into differences in action potential firing patterns; we now 
showed that in turn CN action potential firing also adheres to the dichotomous inputs 
from the cerebellar cortex, which most likely also radiates to the information that is 
conveyed to thalamic cells. 
With the use of optogenetics and whole cell patch clamp techniques in chapter	4 
we discovered the impact that the synchronization of CN terminals have on the thalamic 
cells positioned in different nuclei, such as the ventrolateral (VL), the ventromedial (VM) 
and centrolateral (CL) nucleus. As the effect was diverse in these thalamic nuclei, each 
of which connects to various cortical areas, we propose that cerebellar inputs can affect 
various cortical regions in a differential manner, and thus could affect cortical regions 
that encode motor behaviour different from cortical regions that contribute to cognitive 
functions.
This powerful connection in VL, but also the smaller amplitude responses in VM 
and CL raised the question how this excitatory input contributes to stop pathological 
thalamo-cortical oscillations during seizures. In chapter	5	we utilized epileptic tottering 
mutant mice and optogenetics to control the action potential firing in CN neurons, or 
the glutamate release from their axon terminals to de-synchronize thalamic cells. We 
found that direct stimulation of either the CN neurons or their axons stopped absence 
seizures, but that CN stimulation was most effective. In chapter	6 we discussed the role 
of cerebellum in epilepsy mouse models and the power of optogenetic stimulation to 
perturb pathological conditions and re-establish normal brain function.
232
Appendices
233
Curriculum Vitae
Curriculum	Vitae
Name: Simona Veronica Gornati
Date and place of birth: May 22, 1988 – Novara, Italy
Nationality: Italian
EDUCATION
• March 2013-September 2018: PhD candidate, Neuroscience department, Erasmus 
MC Rotterdam, The Netherlands
• October 2010 – December 2012 Laurea magistrale (MSc) in Molecular Biology of 
Cell, Faculty of Mathematical, Physical and Natural Sciences, University of Milan, 
Italy 
• October 2007 - October 2010 Laurea (BSc) in Biological Sciences,	Faculty of 
Mathematical, Physical and Natural Sciences, University of Milan, Italy.
• September 2002 - July 2007 Diploma di maturità scientifica (Science Secondary 
School) Liceo Scientifico Statale “Alessandro Antonelli”, Novara, Italy. 
RESEARCH EXPERIENCE
• March 2013-September 2018: PhD candidate, Neuroscience department, Erasmus 
MC Rotterdam, The Netherlands
• September 2011 –December 2012: Experimental Thesis at Department of 
Biomolecular Sciences and Biotechnologies, University of Milan, Italy.
• April 2010 - October 2010: Bachelor Thesis at Department of Biomolecular Sciences 
and Biotechnologies, University of Milan, Italy
TEACHING EXPERIENCE
• August 2015 - Neuroscience Summerschool: Patch clamp technique
• October 2015 - Master of Neuroscience: Optogenetics
• April 2014 - Medicine: Neuroanatomy
SPECIALISTIC COURSES
• January 2016: Microscopic Image Analysis- Erasmus MC, Rotterdam (Netherlands)
• October 2014: Functional Imaging and Super Resolution- Erasmus MC, Rotterdam 
(Netherlands)
• April 2013: Laboratory Animal Course (Article 9) Erasmus MC, Rotterdam 
(Netherlands) Principle of Laboratory animal science. Dutch legislation and ethics 
for the use of animal in research.
234
Appendices
INTERNATIONAL CONFERENCES
• FENS Hertie Winter School -THALAMUS AND THALAMOCORTICAL INTERACTION, 
8-15 December 2013, University Center Obergurgrl, Austria – selected speaker
• 9th FENS forum of Neuroscience, July 2014, Milan, Italy- poster presentation
• Gordon Research Conference -CELL CIRCUIT AND THALAMOCORTICAL 
INTERACTIONS- 14-19 February 2016, Ventura, CA - poster presentation
• Annual Society for Neuroscience (SfN) meeting, San Diego, USA, 12-16 November 
2016- poster presentation
LIST OF PUBLICATIONS
Simona V. Gornati*, Carmen B. Schäfer*, Oscar H.J. Eelkman Rooda, Alex Nigg, Chris I. 
De Zeeuw	and Freek E Hoebeek, Differentiating the cerebellar impact on thalamic 
nuclei. Cell Reports, in press
Oscar H.J. Eelkman Rooda, Lieke Kros, Sade J. Faneyte, Peter J. Holland, Simona V. 
Gornati, Thijs B. Houben, Huub J. Poelman, Nico A. Jansen, Else A. Tolner, Arn M.J.M. 
van den Maagdenberg, Chris I. De Zeeuw, and Freek E. Hoebeek, Desynchronizing 
epileptic thalamus activity by single pulse stimulation of cerebellar nuclei. Submitted 
to Current Biology 
Daniël B. Dumas, Simona V. Gornati, Youri Adolfs, R. Jeroen Pasterkamp and Freek E. 
Hoebeek, Anatomical development of the cerebellothalamic tract in embryonic. In 
preparation for Journal of Neuroscience
Gerco Beekhof*, Simona V. Gornati*, Cathrin Canto, Avi Libster, M. Schonewille, C.I. De 
Zeeuw and Freek E. Hoebeek, Zebrin identity of murine cerebellar nuclei afferents 
corroborates neuronal firing frequency. In preparation for Journal of Neuroscience
Simona V. Gornati, Freek E. Hoebeek, Cerebellar stimulation: experimental and 
therapeutic approaches, Consensus article on Experimental Neurostimulation, 
submitted to The Cerebellum
C. Milanese, S. Gabriels, S. Cerri, Simona V. Gornati, I. Ulusoy, F. Blandini, F.E. Hoebeek, 
D. di Monte, P.G. Mastroberardino, Transferrin Receptor 2 as a target to halt nigral 
neurons iron overload in Parkinson’s disease. In preparation for Cell Death and Disease
235
Acknowledgments
Acknowledgments
“Ingratitude is the daughter of pride”
 Finally, this journey has come to an end. Many times I was about to crash, to quit, to 
cry..and oh boy, how much I cried... But what doesn’t kill you, makes you stronger. And 
for sure now I am a different person than the one who entered the EMC five years ago. 
I would be very much unfair and proud if I wouldn’t recognize that all the effort, blood, 
sweat and tears were shared and even sometimes carried by you guys.
Since 15th of March 2013 (happy b.day) you have always been there, Freek. To you goes 
my gratitude, my affection, and my esteem. I know I can be very impatience, chaotic 
and stubborn, but you always put the patience, the discipline and the compassion that 
helped me to realize that no matter how hard, how bad, how difficult, it can be done. 
You were (and still are) a guidance and a source of help. Niet mepien and roll up your 
sleeves, we are RRRRRotterdamers, proud to be.
Chris, thank you very much for your support and suggestions. Thank you for giving me 
the freedom and for teaching me to dare.
Thank you to all the members of my lab, and the technicians that have been the real 
“target” of my insanity. Oscar, thank you for always been a calm and solid companion 
during all the challenges that we found on our way. Carmen, you are a brilliant scientist, 
thank you for sharing the work and the fun in and outside the lab. Discussing science 
with you opened my mind; you brought a bit of “german” method in my chaos . Thank 
you for the loud classical music in the morning and even lauder rock in the evening. Lieke, 
short but intense time together, I will always bring with me the Geordie shores memories. 
A special, special thanks go to the students. Although we were supposed to teach you 
something, in the end, you taught me a lot. 
Daniel, it was special working with you. You taught me (one of the most entropic and 
chaotic human) patience and precision. You brought a bit of “zen” in my life. Thank you 
very much.
Bas, my dear, you are a volcano of ideas, feelings and emotions. A temper like yours 
is hard to find, no matter how tired or busy, you were always willing to help. Don’t let 
236
Appendices
people convince you that your own success is more important than helping because, as 
cheesy as it might sound, sharing is caring, and there is nothing better at the end of the 
day than knowing that you made the difference for someone. So keep on going. 
Vale, needless to say, that you made my days (late-in lab-nights as well) so much fun. 
Beside teaching me a lot of new words (mostly..you know..words of THAT kind) you 
reminded me that science is passion and that you have to be damn in love (or damn 
crazy but, isn’t it the same?) with what you are doing to carry on. Otherwise, there is no 
way that the work is worth the effort. 
Elena, you late night patcher and daytime boxeur. You are a strong badass woman, no 
matter how difficult it could be, you would always stand there as passionate as you 
could. 
Thanks a lot to all the people that passed by Sverrir, Sade, Hubb, Nico ….
Thanks a lot for the great support to all the histo-dream-team! Really girls, without you I 
would never have achieved this. Erika, thank you for being the mom-substitute in these 
years, for always keeping an eye on me, for the laughs we shared and the tears you dried. 
Elize, my sweet, the number of times I entered the lab ready to crush are uncountable. 
Your smile and “no panic” always fixed everything, also the things that I was sure were 
damaged irremediably. Thank you for the EM technical support but much more for the 
emotional support, for the sweets and the hugs.
Mandy, thank you very much for the help and laughs and for bringing in my life a bit of 
organization. 
Daphne, thank you very much as well for your patience and kindness. I wish you all the 
best! 
Edwin, thank you for spending some of your time with me and qPCR (not the best 
match) and Geeske for teaching me how to teach. 
Thank you Gerard for always asking the right questions, Dick for always answering 
my questions (although with a lot of jokes in between) and Tom for being the great 
professor you are.
237
Acknowledgments
My gratitude goes also to the amazing OIC group and in particular to Gert and Alex. I still 
remember the first time I entered your office...I brought the best image I had and..well..
soon I found out it was not that amazing...thank you for teaching me what is a good 
image and how to analyze it. Gert, thank you for the help with macros, it was amazing 
sitting next to you while you were drinking tons of hot water with a bit of tea and a lot 
of sugar.
Alex, really, thank you for your patience. Thank you for always being there helping, 
although I can be a great mess changing my mind a thousand times each hour. Thank 
you for being kind and for being a shoulder to cry on.
Thanks also for the help to Loes and Elise that were so patient with me. 
Avi thanks for the great time together, intense but lovely. You taught me a lot. Gerco, 
thanks for sharing the effort, for your direct comments and funny jokes.
Thanks to Chiara and Pier, for the scientific (and not) discussions we had, for believing in 
me and the work together.
Work hard, play hard. 
This was definitely shared with a bunch of crazy scientists that became more than just 
colleagues and made these years not only pain but also a lot of fun.
In order of appearance, Malik, you were the first I met during a lunch break. Although 
many people might say it is impossible for a French and an Italian to get along together, 
we prove them wrong. Thank you for the amazing wine tastings and for being my lindy-
hop companion. Without you, I would never have started… 
Mohamed, Mimmo, doc. You are the sweetest friend someone could wish. Thank you 
for all your advice and for the time we spent together. Next time we’ll drink one in Italy 
together.
Andy, my beloved. I also remember when I met you for the first time at the borrell…it 
was love at first beer, and MANY others were ahead of us. SO much fun we had together, 
Strano, French Bulldogs, Dyonisos…when you left I felt something was missing. 
Licia, piccola Sbratty, if the walls of Hemradssingel could talk some epics lines came out 
238
Appendices
when we were together. Thank you for the support inside and outside the lab, for the 
laughs and the sgneeks (perchè essere cretine, cretine, tutte cretine è uno state of mind, 
e noi siamo le regine) 
Farnaz, my crazy friend. Thank you for the help in the lab and for your contagious smile. 
You are such a positive person and I was super lucky to have you in my life.
Michiel, thank you for sharing your energy, you are a volcano. I am sure whatever you 
want to be in life,you will be great. But…in case it won’t work, I’ll wait for you in the 
Italian street food cart; if you need me, call me. 
Franco, movie nights had a better taste with you. 
Thanks to all the BAW team, Shashini, Martijn, Marlou, Sander, the sweet Yarmo and 
Aaron it was a pleasure working with you.
Catarina, it was short but intense. This southern-European axes made me feel close to 
you since the beginning. Thank you very much for listening and advising. It was hard 
but with you a bit less 
Monica, thank you for hosting me with amazing dinners, for always being friendly, 
your kindness and smile helped me a lot during the ups and downs of a (Italian) Ph.D. 
Somehow you made me feel at home. ;) E comunque, lunga vita a Vinicio. 
Vincenzo, thank you for your “5 minuti di eleganza”, for scientific and political discussions, 
you also made me feel home.
Thank you to all the colleagues that in a way or another made my time in the dept nicer: 
Cindy, Gustavo, Jochen, Annette, Ilja, Mana, Brian, Rossella, Lorenzo, Maria, Bastiaan, 
Leonoor, Francesca and Anna. 
Thanks also to my sweet Italian gang Monica, Manu e Ila who shared with me joyful 
moments (la pizzaaaaa) a lot of laughs and a lot of tenderness. Ciao bellezze!
To the alpha-male of the “famigghia”, Ale, thank you for hosting amazing evenings, 
dinners, for the laughs and the love. 
Thank you to people that believed in me and most important to people that didn’t. 
239
Acknowledgments
Because there is nothing sweeter than prove you wrong.
 Friends are the family we choose for ourselves 
Saša, bro’, you have been more than just a colleague. We grew up together, we faced 
problems together. You made me laugh a lot during the patching sessions and you 
helped me a lot with technical issues. You thought me “think in solutions Simo, not in 
obstacles“ and I will always treasure it and our friendship. 
Sylvie, Ma Chérie, I cannot imagine how my life would have been without you. You 
helped me so much in so many situations that I might need a whole chapter to list them 
all. A good summary is that I am extremely thankful for having you in my life and I am so 
happy that Olaf&Olof brought you at mine that night.
Both of you thank you for sharing the burden of standing next to me, I know I can be 
pretty “intense”.
Thanks to my paranymph-from-distance, Negah. Although you are not here I can feel 
your presence, the same precious presence that helped me to go through these years. 
We started together and when you left it was horrible. You were my anchor, my singer-
companion, my knowledgeable colleague, my sweet friend. If I made it through the 
super hard first year it was mostly because of you. Thank you a lot. 
Chiara, tesoro, thank you for being a safe haven during the many crises I encountered 
during these years. The 7th floor became my refuge because you were there with your 
support. Thank you for the good time at yours, for all the good advice. You were (and 
are) a strong reference and without you, my life would have been way more miserable. 
To my alter-ego Ale. Faraway so close. Although the distance I feel what you feel. It was a 
gift meeting you. Thank you for cheering me up, for the evenings at Labru, for the chats 
and fun.
Prof Ilir, thank you for feeding me (I am sure it costs a lot), for the bbq and good time 
together. 
Thanks to my personal Spanish teacher Ivan. Gracias por toda la ayuda en estos años. I 
hope to see you soon in Italy.
240
Appendices
Thanks to all the #hotpeople with #hotplans for being a lovely group of friends always 
ready to cheer me up in the moment of sadness. Bart, Kees and Ben, thanks a lot. 
A very special thank goes to Tommi and Costi that were flatmates and soon turned into 
family.
Tommi, you were my father-figure during these years. Thank you for the help, for the 
support and for building with us the place that I learned to call home. 
Costi, together since April 2013. I also wondered how life there would have been 
without you. I can’t really answer. There was the rain, there was the laminaat, le beghe, 
the market, the tears and laughs. I cannot imagine going through all of these without 
you. There was a house to build and two girls that turned into women, together. 
Life and all that it brings would be meaningless  
without the best thing about it: friends.
Therefore I want to thank my friends-from-home that although far, have always been a 
warm hug where to go.
First of all my gratitude goes to Caro and Fede, we are not sisters by blood but sisters 
by heart. Life brought us far from each other but when we are together is like nothing 
changed. Thank you for the support, for listening and basically for being my other 2/3 
of brain and heart. A special thanks go also to Francesco who was fundamental in the 
creation of the “quarta Maria”: Zoe. 
Thanks to my favorite scientist and beloved friend Claudia. You were there since the 
beginning (“posso sedermi qui?”). The distance never made me feel less close to you. 
From the cytology exam to the corrections of the doctoral thesis you have been there. 
And needless to say that without you I would not have made it. Our past together is epic 
but the best is yet to come.
Monia, thanks a lot for the infinite patience, the kindness and the support you gave me. 
We are friends for years and I am very happy to have you in my life. I am sure I was a pain 
for the covers designs but you were there. Thanks a lot.
Thanks to all my friends Matteo, Rino, Roby, Pez, Marcello, Miso, Gian, Bigno, Chiara, Dilo, 
Luca, Bicio, Ricky, Pol and Enci for the fun we had together.
241
Acknowledgments
Thanks a lot also to my “old” lab. 6B people, thanks a lot for your help. Thanks to Michele, 
without you I would never have replied to the email.
Thanks to Stefania, for your guidance and friendship, to Marina and Nicoletta for being 
always present and to Erika, MartaP, MartaG and Davide.
“Un albero senza radici è solo un pezzo di legno”
Matteo, thank you. You see all my light and you love my dark. I can find sometimes hard 
to express what I have in my mind but with you, I don’t need to. You know it. Thank you 
for standing by my side, hold my hand and keep on walking. 
Thanks to my family, their support, understanding and their unconditional love means 
a lot to me. 
Grazie ai miei adorati nonni, ai miei zii e cugini. Siamo una famiglia piccola ma molto 
chiassosa, che a tutti i ritrovi, che sia Natale o Pasqua, riempie sempre il mio cuore. 
Siamo cresciuti insieme e io non potevo sperare di meglio. Grazie per avermi dato le ali 
per volare e la radici per tornare. 
Most of all I want to thank my mother and father. Patty, thank you for teaching my 
kindness, to ask “how can I help you” and tell “thank you”. Uzzo, thank you for giving me a 
strong back, able to bear the weight of work. I can only imagine how hard is to see your 
kid leaving home, the country, to follow her path. This thesis is not my achievement, it 
is our success.
E ve lo dico anche in italiano, mamma, papà, più di tutto devo ringraziare voi due. 
Patty, grazie per avermi insegnato la gentilezza e a chiedere “come posso aiutarti” e dire 
“grazie”. Uzzo, grazie per avermi dato una schiena forte capace di sopportare il peso 
del lavoro. Posso solo immaginare quanto sia stato difficile vedere la vostra bambina 
lasciare casa e il paese per seguire la sua strada. Questa tesi non è il mio traguardo ma 
il NOSTRO successo. 
Dunque io ringrazio tutti quanti 
Specie la mia mamma che mi ha fatto cosi’ funky

